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Summary 
This thesis presents the results of a large-scale 3D petroleum system basin model of northern Germany and adjacent areas as 
well as a detailed 3D modeling study of the Münsterland Basin. Furthermore, the geochemical characterization of several black 
shale horizons present in the study area is given. 
In the study the burial and thermal history of sediments in northern Germany and The Netherlands using predominantly 3D 
forward numerical basin modeling techniques (PetroMod® suite software) has been analyzed. Beside own investigations, 
additionally various previous studies concerning the geology of the Central European Basin System and calibration data from 
about 100 wells were considered to understand and reconstruct the basin evolution through time. Finally, gas generation, 
migration, accumulation as well as adsorption quantities of methane from and within Paleozoic source rocks were calculated. 
Accordingly, this study presents the evaluation of conventional and, for the first time, unconventional gas resources in northern 
Germany. 
The 1- and 3-dimensional basin models documented in this thesis were principally calibrated with organic maturity parameters 
(vitrinite reflectance), which provide information on maximum temperatures, paleo-temperature indicators (fission track data, 
fluid inclusion data) as well as present day borehole temperatures. Investigations and the combined analysis of these thermal 
and maturity indicators were used to reconstruct the different temperature histories present in the basin. 
During the Early Permian, the thermal regime was strongly influenced by rifting and volcanism, which caused high heating rates 
throughout the study area. However, these high paleo heat flows at the beginning of the basin evolution had only minor 
influence on the present day maturity, except for some parts in the south. Instead, the study area is controlled by subsequent 
sedimentation, deep burial, erosion, salt diapirism and further rifting events in the Mesozoic and Cenozoic in specific areas, 
which led to the present complex geology, which is reflected by a very strong scatter in temperature and maturity, e.g. at the 
Carboniferous surface. Therefore, multiple geodynamic aspects and different areas had to be considered for a comprehensive 
description of the geological history. 
The first part of the thesis deals with the large-scale geological reconstruction of the North German Basin and The Netherlands 
with emphasis on the petroleum system of Pennsylvanian coal seams. Three important erosional events were assigned 
including the Variscan, Kimmerian and late Cretaceous inversions. Several 1D simulations were performed to calibrate the 
temperature- and maturity evolution. Furthermore, salt diapirism was taken into account as salt has a very high thermal 
conductivity and therefore strongly controls the lateral and vertical temperature and maturity distribution. 
Temperature and maturity maps were obtained for different time steps. In addition, the model yielded the accumulation 
history of individual gas fields and the residual generation potential of the Pennsylvanian coal bearing strata. However, such a 
large-scale model can only show general trends. In summary it is shown that generation and migration of gas took place during 
a very early stage of the basin history. This leads to high losses of natural gas before the main seal rock, the Zechstein salt, was 
deposited. In total more than 70% of the generated gas was lost and only 5% accumulated in reservoirs. Furthermore, the 
simulation results indicate, that a gas generation potential still exists, especially in The Netherlands (on- and offshore) and in 
the area of the Baltic Sea. 
The second part of this thesis considers the geochemical and mineralogical analysis of Paleozoic black shale horizons at the 
northern rim of the Rhenish Massif. The investigation on more than 300 samples gives an extensive overview of the 
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geochemistry and mineralogy of these black shales, with special emphasis on the late Mississippian Upper Alum Shale. The 
Upper Alum Shale (“Hangende Alaunschiefer”) has an average total organic carbon content of 2.9% and a maximum of 7.3%. 
According to vitrinite reflectance data ranging from 1.3 to 3.9% and a supposed loss of organic carbon during maturation, the 
data suggest that total organic carbon content originally (before petroleum generation) was twice as high and thus the original 
shale is regarded as a very good petroleum source rock. High sulfur contents of up to 8.7% reflect marine depositional 
conditions. In addition relatively high TS/TOC ratios indicate deposition under anoxic/oxic depleted bottom waters. 
Mineralogical data and fluorescence analyses indicate high silica (quartz) content for the Upper Alum Shale samples, which 
increases the brittleness being important for successful reservoir stimulation. Therefore, especially the Upper Alum Shale is 
regarded as a potential target for shale gas exploration. 
The third part of the thesis focuses on the geothermal history of the Münsterland Basin and comprises detailed analysis of the 
petroleum system of the late Mississippian Upper Alum Shale. Various data sets revealed the present-day geometry and were 
evaluated, corrected and compiled in order to construct a 3D basin model. Several depositional and erosional cycles and a 
corresponding heat flow history were assigned to the model which were obtained by multiple 1D simulations. Strong erosion, 
which occurred during the Variscan uplift, varies between >6.5 km in the south and about 500 m in the northernmost part of 
the study area (Lower Saxony Basin). Except for the southernmost part north of the Rhenish Massif, present day maturity 
throughout the Upper Alum Shale is high (3.0 to more than 4.6% vitrinite reflectance, over-mature in terms of petroleum 
generation) which is due to deep burial since the Late Carboniferous to the Early Permian. Based on maturity levels, petroleum 
generation stages and knowledge on sorption characteristics of the Upper Alum Shale, quantities of adsorbed and free gas in 
these unconventional reservoirs were calculated in a fully integrated numerical petroleum systems model. Very high losses of 
hydrocarbons were identified during Carboniferous times, where more than 90% of the generated hydrocarbons migrated out 
of the model system. However, calculations of the amount of free and adsorbed gas indicate that there are still considerable 
amounts of gas in the Upper Alum Shale. 
The final chapter of the thesis gives a synthesis of the results as well as a final discussion of the uncertainties associated with 
basin and petroleum system modeling. Additionally, implications for future production perspectives are given. 
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Zusammenfassung 
Die geologische Entwicklung des Norddeutschen Raumes und der Niederlande wurde mit einem großräumigen numerischen 3D 
Sedimentbeckenmodell untersucht. In einer weiteren, detaillierteren 3D Beckensimulationsstudie wurde das Münsterländer 
Becken unter besonderer Berücksichtigung der Paläozoischen Kohlenwasserstoffsysteme untersucht. Außerdem wurden im 
Rahmen der vorliegenden Arbeit verschiedene Schwarzschieferhorizonte geochemisch analysiert. 
Unter Verwendung der Beckensimulationssoftware PetroMod wurde die Absenkungs- und Temperaturgeschichte der 
sedimentären Einheiten in Norddeutschland und den Niederlanden analysiert. Neben eigenen Untersuchungen wurden 
zahlreiche vorangegangene Studien über die Geologie des Zentral-Europäischen Beckensystems und Kalibrationsdaten von ca. 
100 Bohrungen berücksichtigt, um die Absenkungsgeschichte der Sedimentgesteine zu verstehen und zu rekonstruieren. 
Letztlich wurden die Bildung, Migration und Akkumulation von Methangas innerhalb der Paläozischen Einheiten quantifiziert, 
um konventionelle und erstmalig auch unkonventionelle Gaslagerstätten in Norddeutschland zu bewerten. 
Die 1- und 3-dimensionalen Beckenmodelle in dieser Arbeit wurden vorwiegend anhand organischer Reifeparameter (Vitrinit-
Reflexion) kalibriert, welche Aufschluss über die maximal erreichten Temperaturen geben. Zusätzlich wurden Paleo-
Temperatur-Indikatoren (Spaltspurendaten, Flüssigkeitseinschlüsse) sowie Bohrlochtemperaturen genutzt, um die 
unterschiedlichen Temperaturentwicklungen über die geologische Zeit zu rekonstruieren. 
Während des frühen Perms wurde das thermische System stark von Rifting und Vulkanismus beeinflusst. Dies hatte zur Folge, 
dass im gesamten Gebiet hohe Wärmeflüsse herrschten. Die hohen Wärmeflüsse zu Beginn der Beckenentwicklung haben den 
heutigen Reifegrad der Gesteine kaum beeinflusst. Vielmehr haben spätere Sedimentations- und Erosionsphasen, 
Salzdiapirismus sowie mesozoische und känozoische Rift-Ereignisse das heutige thermische Reifebild geprägt. Da das heutige 
Arbeitsgebiet mit seiner komplexen Geologie durch ein weit gefächertes Reifebild (z.B. an der Karbonoberfläche) und stark 
schwankende Temperaturen gekennzeichnet ist, mussten für eine umfassende Beschreibung der geologischen Entwicklung 
verschiedene geodynamische Aspekte und verschiedene Gebiete in Betracht gezogen werden. 
Der erste Teil dieser Studie behandelt die großflächige geologische Rekonstruktion des Norddeutschen Beckens und der 
Niederlande, insbesondere im Hinblick auf das Kohlenwasserstoffsystem der oberkarbonischen Kohlelagerstätten. Drei wichtige 
Erosionsereignisse wurden für die Modellierung berücksichtigt: die variskische, die kimmerische und die spät-kretazische 
Inversion. Zahlreiche 1D Simulationen dienten zur Kalibrierung der Temperatur- und Reifegeschichte. Außerdem wurde der 
Salzdiapirismus mit in die Modellierung einbezogen, da Salz aufgrund seiner hohen thermischen Leitfähigkeit die laterale und 
vertikale Temperatur- und Reifeverteilung stark beeinflusst. 
Temperatur- und Reifekarten wurden für verschiedene Zeitintervalle ermittelt. Außerdem lieferten die Simulationsergebnisse 
präzise Informationen über die Füllungsgeschichte und heutige Verteilung verschiedener Gaslagerstätten. Zudem kann das 
Restgenesepotenzial der oberkarbonischen Kohlen abgeschätzt werden. Hier sei angemerkt, dass ein solch großräumiges 
Modell nur grob die komplexen Abläufe darstellen kann. Zusammenfassend wird gezeigt, dass die Genese und Migration von 
Gas bereits während einer sehr frühen Phase der Beckenentwicklung stattfand. Die zeitlich versetzte Ablagerung der 
Zechsteinsalze, die als Hauptabdeckgestein gelten, impliziert einen großen Verlust der gebildeten Gase. Insgesamt gingen mehr 
als 70% der generierten Gase verloren, und nur 5% konnten sich bis heute in Lagerstätten halten. Die Ergebnisse der Simulation 
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zeigen außerdem, dass besonders in den Niederlanden (on- sowie offshore) und dem Gebiet der Ostsee noch ein 
Gasbildungspotential existiert. 
Der zweite Teil der Arbeit befasst sich mit der geochemischen und mineralogischen Analyse von Paläozischen 
Schwarzschieferhorizonten am Nordrand des Rheinischen Schiefergebirges. Die Untersuchung von über 300 Proben gibt einen 
ausführlichen Überblick über die Geochemie und Mineralogie der Schwarzschiefer, insbesondere des Hangenden 
Alaunschiefers aus dem oberen Mississippium. Der Hangende Alaunschiefer weist durchschnittliche Kohlenstoffgehalte von 
2.9% auf mit einem Maximalwert von 7.3%. Die ermittelten Vitrinitreflexionen von 1.3 bis 3.9% und die Tatsache, dass während 
der Reifung organischer Kohlenstoff verloren ging, lassen darauf schließen, dass der Gesamtgehalt von organischem Kohlenstoff 
vor der Reifung ungefähr doppelt so hoch war wie heute und das der Hangende Alaunschiefer daher als ein ursprünglich sehr 
gutes Kohlenwasserstoff-Muttergestein angesehen werden kann. Der hohe Schwefelgehalt von bis zu 8.7% deutet auf marine 
Ablagerungsbedingungen hin. Ein relatives hohes Verhältnis des Schwefelgehaltes zum Kohlenstoffgehalt legt außerdem nahe, 
dass eine Ablagerung in sauerstoffarmem Milieu stattfand. Untersuchungen mittels Röntgenfluoreszenzanalyse und 
Röntgendiffraktion zeigen einen hohen Anteil von Quarz im Hangenden Alaunschiefer, der die Sprödheit des Gesteins erhöht, 
die wiederum ein entscheidender Faktor bei der Lagerstättenstimulation ist. Aus diesem Grund stellt speziell der Hangende 
Alaunschiefer ein potentielles Ziel der Schiefergasexploration dar. 
Der dritte Teil der Arbeit befasst sich im Detail mit der geothermischen Geschichte des Münsterländer Beckens und beinhaltet 
eine genaue Analyse des Kohlenwasserstoff-Systems des Hangenden Alaunschiefers aus dem oberen Mississippium. Die heutige 
Geometrie des Beckens wurde mit Hilfe unterschiedlicher Datensätze aufgebaut, um ein 3D Beckenmodell zu erstellen. Dem 
Modell wurden mehrere Sedimentations- und Erosionszyklen sowie eine entsprechende Wärmeflussgeschichte zugewiesen, die 
mithilfe zahlreicher 1D Simulationen erarbeitet und kalibriert wurden. Die erodierten Mächtigkeiten aufgrund der Variskischen 
Hebung schwanken zwischen mehr als 6.5 km im Süden und ca. 500 m im nördlichsten Teil des Arbeitsgebietes 
(Niedersächsisches Becken). Mit Ausnahme der südlichen Beckenbereiche kann für den Hangenden Alaunschiefer eine 
flächenhafte, hohe thermische Reife festgestellt werden (3.0 bis über 4.6% VRr), die durch die tiefe Versenkung im Oberkarbon 
bis frühen Perm zustande kam. Aufgrund der thermischen Reife, des Kohlenwasserstoffgenesepotentials und der 
Sorptionseigenschaften des Hangenden Alaunschiefers wurde die Menge von adsorbiertem und freiem Gas in diesen 
unkonventionellen Lagerstätten in einem numerischen Modell berechnet. Während des Oberkarbons gingen über 90% der 
generierten Kohlenwasserstoffe verloren. Dennoch lassen die Berechnungen der Menge des freien und adsorbierten Gases 
darauf schließen, dass noch beträchtliche Mengen von Gas im Hangenden Alaunschiefer existieren. 
Das abschließende Kapitel dieser Arbeit fasst alle Ergebnisse zusammen und setzt sich mit den Schwachpunkten der 
Beckenmodellierung auseinander. Außerdem wird verdeutlicht, welche Bedeutung die vorliegenden Ergebnisse für zukünftige 
Exploration auf Methangas haben. 
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Symbols and Abbreviations 
1D One-Dimensional 
2D Two-Dimensional 
3D Three-Dimensional 
AAPG American Association of Petroleum Geologists 
Al Aluminum 
B Belgium 
BPSM Basin and Petroleum System Modeling 
Bscf/D Billion Standard Cubic Feet per Day 
C Carbon 
C (deg) Celsius 
CEBS Central European Basin System 
CG Central Graben 
CNB Central Netherlands Basin 
Co Cobalt 
CO2 Carbon dioxide 
Cs Cesium 
Cu Copper 
Cu Kα Copper K-alpha 
DE Germany 
DGMK Deutsche Wissenschaftliche Gesellschaft für Erdöl, Erdgas und Kohle e.V. (German Society for 
Petroleum and Coal Science and Technology) 
DK Denmark 
DOP Degree of Pyritization 
EAGE European Association of Geoscientists and Engineers 
EMR Energy and Mineral Research Group 
Fe Iron 
Fig. Figure 
Fm Formation 
GFZ Geo Forschungs Zentrum Potsdam (German Research Centre for Geosciences) 
GG Glückstadt Graben 
GS Grimmen Swell 
H Harz 
H Hydrogen 
HG Horn Graben 
HI Hydrogen Index 
Hrsg Publisher 
HS Hydrogen Sulfide 
IES Integrated Exploration Systems 
ISO International Organization for Standardization 
K Kelvin 
K Potassium 
K.H. Krefeld High 
kcal Kilocalorie 
kj Kilojoule 
kg Kilogram 
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km Kilometer 
kPa Kilopascal 
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LAS Lower Alum Shale 
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MB Münsterland Basin 
m Meter 
Ma Million Years 
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nD NanoDarcy 
NEGB North-East German Basin 
NGB North German Basin 
Ni Nickel 
NL Netherlands 
nm Nanometer 
NWGB North-West German Basin 
O Oxygen 
PetroMod Petroleum Systems Modeling Software (Schlumberger) 
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ppm Parts per Million 
RHZ Rhenohercynian Zone 
RM Rhenish Massif 
RWTH Rheinisch-Westfälische Technische Hochschule 
S Sulfur 
scf Standard Cubic Foot 
Si Silicium 
Tab. Table 
Tmax Temperature of maximum pyrolysis yield 
TB Terschelling Basin 
Th Thorium 
Ti Titanium 
TIC Total Inorganic Carbon 
TNO Geological Survey of the Netherlands 
TOC Total Organic Carbon 
TS Total Sulfur
TTZ Tesseire-Tornquist Zone 
U Uranium 
UAS Upper Alum Shale 
UTM Universal Transverse Mercator 
V Volt 
VB Vlieland Basin 
VDF Variscan Deformation Front 
vol Volume 
VRr Mean Vitrinite Reflectance 
x 
W Watts 
WGS World Geodetic System 
WNB West Netherlands Basin 
XRD X-Ray Diffraction 
XRF X-Ray Fluorescence 
Units and Conversions 
J Joule; 1 kJ = 4.184 kcal 
°C degrees Celsius 
K Kelvin; 0°C = 273.15 K 
Scf/t standard cubic feet per ton 
Ft³ cubic foot; 1 ft³ = 0.028 m³ 
Pa Pascal; 100kPa = 1 bar 
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1 Introduction 
1.1 Conventional and unconventional Paleozoic petroleum systems in the North 
German Basin 
With respect to its natural gas supply, Germany can be defined as an importing country. In 2011, 
Germany consumed about 79774 million m³ natural gas, whereas only a small fraction of the amount 
consumed originated from Germanys own sources (14060 million m3, International Energy Agency, 
2012) and its demand is still increasing. The first gas fields were explored in 1910 followed by an 
extensive increase in gas production since the 1950s. In addition, recent increases in gas prices make the 
exploitation of less permeable gas reservoirs, such as tight sandstone gas reservoirs, coalbed methane 
and gas shales economically more feasible. New technologies and exploration techniques are being 
developed to meet the challenges associated with the exploration of these unconventional reservoirs. 
Exploration of unconventional natural gas/shale gas in Germany gained political and public interest 
during the last years. In comparison the United States of America became independent in terms of 
energy supply since unconventional gas fields in the US were successfully mined and commercialized. 
In the Central European Basin System (CEBS), a large number of oil and gas fields were discovered during 
the past 140 years. These gas reservoirs extend from the North Sea through The Netherlands, and 
Germany to Poland (Gaupp et al., 2008; Lokhorst et al., 1998). The recently published book “Dynamics of 
complex Intracontinental Basins. The Central European Basin System” (Littke et al., 2008) comprises an 
extensive description of the structural and thermal evolution and sedimentary cycles in the CEBS as well 
as fluid dynamics and salt tectonics. This thesis benefits highly from the comprehensive results 
published in this book. 
In addition to the conventional reservoirs within the basin, large quantities of unconventional resources 
are assumed to exist within the Paleozoic of northern Europe (Littke et al. 2011). Littke et al. (2011) 
mentioned that coalbed methane (CBM) exploration already started about 20 years ago in the Ruhr 
Basin. However, at that time production was not successful due to small flow rates. 
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The main objective of this thesis is to develop a better, quantitative understanding of the existing 
conventional and unconventional gas reservoirs in northern Germany through the analysis of the 
temperature history and the related maturation of Paleozoic rocks, which controls gas generation and 
migration in different subbasins within the study area. This was realized by the application of a 
numerical basin software (PetroMod, Schlumberger), which required both the implementation of 
lithological and petrophysical key-data, as well as an improved understanding of the controlling 
processes taking place during burial history. Therefore, this study additionally provides information with 
respect to the Basin and Petroleum System Modeling (BPSM). 
1.2 Basin modeling approach 
The term "basin modeling" points to numerical modeling of any physical process which takes place in a 
sedimentary basin (Hermanrud, 1993). Basin modeling has been performed since the 1980s and became 
fully three dimensional in the late 90s (Hantschel and Kauerauf, 2009). One of the milestones for BPSM 
was set, when Dietrich H. Welte, a leader in the development of basin and petroleum system modeling, 
and Mehmet A. Yükler published their work “Petroleum origin and accumulation in basin evolution - A 
quantitative model” in AAPG Bulletin in 1981. Today BPSM is a common exploration tool in the 
petroleum industry. 
Basin modeling is a dynamic forward modeling of geological processes in sedimentary basins over 
geological time spans (Hantschel and Kauerauf, 2009). It incorporates deposition, pore pressure 
calculation and compaction, heat flow analysis and temperature determination, the kinetics of 
calibration parameters such as vitrinite reflectance and finally the modeling of hydrocarbon generation, 
adsorption and expulsion processes, fluid analysis and migration (Hantschel and Kauerauf, 2009). 
Figure 1-1 shows the general concept applied by a basin modeler. The quality of the conceptual model 
(present day geometry) depends on the availability of depth and thickness information e.g. the seismic 
data. The input requires information such as facies distribution, geochemical- and petrophysical data. In 
addition, information on depositional and erosional events play an important role, as well as the general 
heat flow history associated with the investigated area. 
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Figure 1-1 Flowchart showing the basic workflow applied in basin modeling (modified from Welte et al., 1983). As 
soon as temperature and maturity history is calibrated, generation, migration and accumulation of hydrocarbons 
can be performed. 
The goal of basin modeling is to integrate physical and chemical laws into a time dependent 3D 
simulation (Grigo et al., 1993). Based on the burial and thermal history, hydrocarbon generation, 
migration and accumulation can be simulated. Hydrocarbon generation can be described by the kinetic 
model of Tissot and Espitalie (1975). Basic transport equations and chemical equations used for basin 
modeling are described systematically in Hantschel and Kauerauf (2009). Therefore, only selected 
essential equations are listed below. 
The temperature distribution in a sedimentary basin is calculated by the geothermal gradient (grad T): 
 𝑔𝑟𝑎𝑑 𝑇 = Q
k
 
Q = Heat flow [mW/m2] 
k = Heat conductivity [W/m x k] 
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The equation of Arrhenius (1889) is used to describe the temperature dependence of reaction rates (k): 
𝑘 = 𝐴𝑒−𝐸𝑎𝑅𝑇
k = reaction rate 
A = frequency factor 
Ea = activation energy [J/mol] 
R = universal gas constant [J/K mol] 
T = absolute temperature [K] 
For petroleum migration, the Darcy flow equation is of prime importance: 
𝑣 = k ∗ a
ɳ ∗ 𝑚
∗ ∆𝑝 
v = velocity k = Permeability coefficient [m2] 
ɳ = viscosity [Pas] 
a = time 
m = high [m] 
p = pressure [Pa] 
In addition to the basin modeling approach, the thesis also includes geochemical and mineralogical 
analysis of Paleozoic black shale horizons in northern Germany. This study was done in order to 
characterize potential shale gas sources in terms of elemental analysis (e.g. TOC, TS), source rock 
potential (e.g. Rock-Eval-Pyrolysis) and mineral analysis (e.g. x-ray powder diffraction). In addition, 
maturity (vitrinite reflectance) was measured. Details will not be specified here; methods and details of 
geochemical analysis were described for example in Sachse et al. (2011), the x-ray powder diffraction 
and Rietveld analysis is described in Pecharsky and Zavalij (2009). 
1.3 Chapter 2: 3D petroleum systems modeling of the North German Basin 
Based on results of the priority research program of the German Science Foundation (DFG) entitled 
“Dynamics of complex sedimentary basins under varying stress conditions by example of the Central 
European Basin System” this chapter focuses on a large-scale 3D basin model of the North German Basin 
realized within the DGMK-Research Project 577-2/2. The overall goal of this study was to focus on the 
geodynamic evolution of the studied area. This was done by the evaluation of the thermal subsidence 
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history and calculation of maturity levels, temperatures and other related parameters in a fully 
integrated numerical petroleum systems model (812 × 528 km, cell size 4 × 4 km). 
The results presented in this chapter mainly concentrate on the thermal and maturity history of the 
Pennsylvanian. Based on the burial history, including temperature and maturity data, gas generation 
was calculated for the Pennsylvanian coal-bearing strata. Finally, also migration pathways and 
accumulations in the Rotliegend strata are discussed in this chapter. 
In Appendix 1 the temperature and maturation history for the base of the Jurassic sequence is described 
as well and several figures, which were not considered in Chapter 2, are listed. 
Chapter 2 was published as “Uffmann, A.K. and Littke, R. (2011): 3D petroleum systems modeling of the 
North German Basin. First Break, 29: 49-55”. A more detailed report was published in 2010: “Uffmann, 
A.K., Bruns, B. and Littke, R. (2010): Dynamics of the Central European Basin System (CEBS): Large scale 
models of the Paleozoic petroleum system in the North German Basin. DGMK Research Report, 577-2/3, 
Hamburg”. 
1.4 Chapter 3: Mineralogy and Geochemistry of Mississippian and Lower 
Pennsylvanian Black Shales at the Northern Margin of the Variscan Mountain 
Belt (Germany and Belgium) 
Chapter 3 provides for the first time geochemical and mineralogical data and other important aspects of 
economically potential black shale formations of the Carboniferous in Western Europe. 
A large sample set was taken systematically from outcrops at the northern rim of the Rhenish Massif. 
Elemental analyses have been performed on 315 samples. Based on this data samples with moderate to 
high TOC contents were chosen for Rock–Eval analysis, organic petrography and vitrinite reflectance 
measurements. Also samples for XRD and XRF measurements were taken from the Upper Alum Shale. 
Additionally, the burial and thermal history was reconstructed using 1D basin modeling techniques. 
Chapter 3 was published as “Uffmann, A. K., Littke, R., Rippen, D. (2012): Mineralogy and geochemistry 
of Mississippian and Lower Pennsylvanian Black Shales at the Northern Margin of the Variscan Mountain 
Belt (Germany and Belgium). International Journal of Coal Geology, 103: 92-108”. 
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1.5 Chapter 4: Paleozoic petroleum systems of the Münsterland Basin, western 
Germany: a 3D basin modeling study with special emphasis on unconventional 
gas resources 
Chapter 4 present results of a 3D modeling study on the evolution of the Münsterland Basin. In 
cooperation with the Geological Survey of North Rhine Westphalia, several detailed depth maps and 
maturity data of the Upper Carboniferous were compiled, which were used for numerical petroleum 
systems modeling. Based on results described in chapter 3 and several recent gas shales projects, the 
methane sorption characteristics of the Upper Alum Shale were calculated and modeled. The modeled 
gas storage capacity is discussed considering up-to-date expertise in terms of petrophysical 
measurements. 
Chapter 4 was published as “Uffmann, A.K. and Littke, R. (2013): Paleozoic petroleum systems of the 
Münsterland Basin, western Germany: a 3D basin modeling study - Part I: Model Input, Calibration and 
Maturation. Oil Gas European Magazine, 39 (3), 140-146”. 
The second part “Paleozoic petroleum systems of the Münsterland Basin, western Germany: a 3D basin 
modeling study - Part II: Petroleum generation and storage with special emphasis on shale gas 
resources” is accepted for publication (Oil Gas European Magazine). 
1.6 Chapter 5: Final Discussion and Outlook 
Chapter 5 summarizes the most important results and observations which were achieved in this thesis 
as well as a final discussion and an appraisement of the limitations of basin and petroleum system 
modeling. The chapter ends with an outlook on prospective exploration targets. 
1.7 Additional Work 
Besides the publications cited above, I participated in several other projects in the course of the past 
three years. 
Littke, R., Krooss, B., Uffmann, A.K., Schulz, H.M., Horsfield, B., 2011. Unconventional Gas Resources in 
the Paleozoic of Central Europe. Oil & Gas Science and Technology - Rev: IFP Energies nouvelles 66(6), 
953-977. 
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I provided for this publication additional data from the large scale 3D model mentioned in chapter 1.3 
(cross sections, facies maps, depth maps, maturity maps) and prepared the overview map in the 
introduction as well as figure 8, showing the stratigraphy for the CEBS. I contributed to the text in 
chapter 1 (Regional Geology), chapter 2 (Methods) and chapter 4 (Gas Shales). 
Littke, R., Urai, J.L., Uffmann, A.K., Risvanis, F., 2012. Reflectance of dispersed vitrinite in Palaeozoic rocks 
with and without cleavage: implications for burial and thermal history modeling in the Devonian of 
Rursee area, northern Rhenish Massif, Germany. International Journal of Coal Geology 89, 41-50. 
In this publication, I contributed to the text and figures, especially on the chapters “Methods” and 
“Burial and temperature history”. The latter was based on the results of several 1D basin models which I 
built. I also helped to improve the quality of almost all figures of this paper. 
Tscherny, R., Littke, R., Büker, C., Nöth, S., Uffmann, A.K., 2012. Coalification of dispersed organic matter 
in the Dolomites, Italy: Implications for burial and thermal history. Geo.Alp 9, 186-203. 
I reworked the raw-data of the study and created several new 1D models based on this original data set. 
I participated in writing part of the final text, especially with respect to the regional geology (geological 
setting) and the basin modeling parts and was responsible for the layout of all figures. 
Abeed, Q., Littke, R., Strozyk, F., Uffmann, A.K., 2013. The Upper Jurassic–Cretaceous petroleum system 
of southern Iraq: A 3-D basin modelling study. GeoArabia 18 (1), 179-200. 
I built the 3D petroleum system basin model which was used for the description of maturity levels, 
related temperature histories and generation potential of the source rock units. Furthermore, I was 
involved with part of the text writing, primarily for the basin modeling parts (methods and results) and 
provided some figures and tables. 
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2 3D petroleum systems modeling of the North German Basin 
KEY WORDS: Carboniferous, North German Basin, thermal maturity, burial history, basin modeling, 3-D 
modeling, salt tectonics, natural gas, hydrocarbons 
2.1 Abstract 
The evolution of the North German Basin is of particular interest due to the fact that it is an important 
hydrocarbon province with considerable reserves of natural gas. There have been several previous 
studies on the stratigraphy, structural evolution, and geochemical characterization of the basin, but no 
large-scale petroleum systems model has previously been published. We have developed a fully 
integrated numerical petroleum systems model, with emphasis on Paleozoic petroleum systems, taking 
into account the thermal subsidence history to calculate maturity levels, temperatures, and other 
related parameters. As one result of the study, we have produced maps of temperature and maturity for 
different time steps. We have also calculated the dynamics of gas generation and accumulation for 
different parts of the basin. This large-scale petroleum system model for the North German Basin can be 
applied in future exploration because it gives important clues concerning migration, accumulation, and 
escape of gas in the course of basin evolution. 
2.2 Introduction 
The North German Basin (NGB) is part of the Central European Basin System (CEBS) which was initiated 
by rifting and thermal subsidence of the lithosphere during the early Permian and locally contains more 
than 14 km of sedimentary fill (e.g. Ziegler, 1990; Coward, 1995; Scheck and Bayer, 1999). The two main 
areas of subsidence form the Northern and Southern Permian Basins, separated by the Mid-North Sea-
Ringkøbing-Fyn system of highs (Glennie, 1990; Pharaoh et al., 2010). The geological evolution of the 
area has been summarized by Littke et al. (2008). Several studies on basin modeling (burial, temperature 
and maturity) have previously been made (e.g. Littke et al., 1993; Neunzert et al., 1996; Petmecky et al., 
1999; Friberg, 2001; Rodon and Littke, 2005; Senglaub et al., 2006), but were restricted to smaller areas. 
Furthermore, previously published results were all based on 1D or 2D modeling. It was the goal of this 
study to utilize numerous results of small-scale basin modeling studies in the CEBS to build a large-scale 
3D model. Due to the complexity of the area, only the general trends with respect to burial, 
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temperature history, maturation, gas generation, and migration pathways can be modeled. For example, 
it was not possible to model in detail the development of the dozens of salt pillows, salt diapirs, and salt 
walls. 
The 3D model was constructed from 50°15’ latitude and from 3°49’ longitude covering the southern 
parts of the CEBS (NGB and adjacent areas, Figure 2-1). The model is 812 km long from west to east, 528 
km wide from south to north, and has a cell size in the horizontal plane of 4 km × 4 km. It includes the 
Northwest German Basin, the Lower Saxony Basin, the Northeast German Basin, Mesozoic rift systems 
like the Glückstadt Graben, the Horn Graben, and parts of the Central Graben and basins in The 
Netherlands, e.g. the Central Netherland Basin. 
2.3 Methods 
2.3.1 Basin modeling: input data 
The term ‘basin modeling’ refers to computer models that can be used to analyse the formation and 
evolution of sedimentary basins. Usually, a finite-element forward modeling approach is adopted to 
simulate the burial history of sediments including compaction, pressure, and temperature, as well as 
maturation of organic matter, petroleum generation, migration, and accumulation through time. 
Principles of basin modeling have been described by Welte and Yükler (1981), Welte and Yalcin (1988), 
Poelchau et al. (1997), Welte et al. (1997) and Hantschel and Kauerauf (2009). We generated the 3D 
model using the PetroMod 11.0 software of Schlumberger IES, Germany. The modeling requires input 
data that describe the present-day geological situation, and the geological history is simulated from the 
oldest event to the most recent one. 
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Figure 2-1 Location of the 3D model: large rectangle- input data; small rectangle - output data. The map shows 
several sub-basins of the Central European Basin System (after Voigt et al., 2008). Some important wells are 
shown, labelled in italics. NL: Netherlands, B: Belgium, DE: Germany, DK: Denmark, PL: Poland. Uplifted areas are 
shown in dark grey shades: RM: Rhenish Massif, H: Harz, MB: Münsterland Basin/Ruhr Basin, LSB: Lower Saxony 
Basin, WNB: West Netherlands Basin, CNB: Central Netherlands Basin, VB: Vlieland Basin, TB: Terschelling Basin, 
GS: Grimmen Swell. Other basin structures include Central Graben (CG), Horn Graben (HG), Glückstadt Graben 
(GG), North-West German Basin (NWGB), North-East German Basin (NEGB) and the Tesseire-Tornquist Zone (TTZ). 
Boundaries of some graben structures are marked by blue lines. 
Initially, the model was based on the observed geological, geophysical, and geochemical data. Also, salt 
movements were included. For chronostratigraphic subdivisions the time scale of the International 
Commission on Stratigraphy (2008) was used. The input data include thickness, erosion, lithology, heat 
flow, and absolute ages for each stratigraphic unit and each event. The 3D model includes 19 layers 
from the base of Upper Devonian to the present-day sea level and is based on the UTM 32 (Northern 
Hemisphere) coordinate system using the WGS 84 datum. The depositional ages are shown in Table 2-1. 
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Table 2-1 Age assignment and lithological properties. Only the main lithologies are shown in column 2. Regional 
lithofacies changes are not represented in this table, but have been taken into account in the model.  
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2.3.2 Thickness maps 
The stratigraphic information and the thickness values for the Permian, Mesozoic, and Cenozoic are 
based on a new compilation provided by GFZ Potsdam (Maystrenko et al., 2010). Additionally, the model 
contains thickness maps of the Carboniferous which are needed because Westphalian coal seams are 
the most important source rocks for natural gas in the NGB (e.g. Boigk and Stahl, 1970; Littke et al., 
1995). Gas fields in Great Britain, The Netherlands, and Germany have been sourced predominantly 
from Carboniferous coals, including those in the Rotliegend, Zechstein, and Buntsandstein reservoir 
horizons. The dataset for the Carboniferous has been adopted from Gerling et al. (1999) for the area of 
northern Germany and made available by TNO, Utrecht for The Netherlands. The maps rely on seismic, 
well, and mining data, in addition to outcrop information. General information about the thickness of 
Westphalian and Namurian sediments was published by Drozdzewski and Wrede (1994) and Krull 
(2005). 
At the base of the model, a basement layer was defined with a thickness of 1000 m and is overlain by 
uniform layers of Upper Devonian and Dinantian strata, each 500 m thick. In the area of northwest 
Germany and the southern North Sea, the Namurian strata are generally deeply buried. The maximum 
thickness is located in the West Netherlands Basin (>4000 m), there are over 3000 m of Namurian strata 
in the Ruhr and the Münsterland region, and ~2500 m at the northern frontier of The Netherlands and 
Germany. In the south, the sedimentation was limited by the Variscan front, and in the north by the 
Mid-North Sea-Ringkøbing-Fyn High (see Appendix 1). There are Westphalian rocks in the inner part of 
the Central European depression from Great Britain to Poland. The succession reaches a thickness of 
~2000 m in the area between northwest Germany and the southern North Sea, and the main centre of 
deposition is situated in the Lower Saxony Basin and Ruhr Basin, where there are up to 3200 m of 
sediments of Westphalian age (Figure 2-2). To the north, the basin was limited by the Mid-North Sea- 
Ringkøbing-Fyn High. The southern margin of the depositional area is unknown, because Upper 
Carboniferous sediments have been completely eroded in the area of the Rhenish Massif and the Harz 
Mountains. The southern and southeastern parts of the Westphalian basin belong to the folded Variscan 
molasse trough. The pre-Permian rocks in northwestern and northern Germany, The Netherlands, and 
Mecklenburg-Vorpommern are only gently warped and form the Variscan Foreland. Stephanian 
sediments are common in the German North Sea sector and the Ems Low in northwest Germany. To the 
northeast, there is a small elongated area with sediments. The maximum thickness of Stephanian 
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sediments is about 500 m. South of the Harz Mountains, a small basin (Thüringer Becken) of Stephanian 
sediments contains thicknesses greater than 700 m (see Appendix 1). 
 Figure 2-2 Present-day thickness of Westphalian sediments. 
2.3.3 Facies distribution maps and list of lithologies 
Lithological information has been derived from the descriptions of Ziegler (1990), Coward et al. (2003), 
Bachmann et al. (2008), Breitkreuz et al. (2008), and Stollhofen et al. (2008). For each layer, a user-
defined lithology was created in PetroMod. The petrophysical properties of the lithologies applied are 
summarized in Table 2-1. 
The Upper Devonian lithostratigraphy predominantly comprises Old Red Group siliciclastic sediments in 
the northwest, in the area of the Mid-North Sea High, and carbonates and shales towards the southeast 
(see Appendix 1). It is assumed that the Old Red Group is present under a large part of The Netherlands, 
overlying Middle Devonian carbonates (Ziegler, 1990). The Rheinische Fazies comprises shallow marine 
carbonates, which are characterized by many individual reefs. The deeper marine sediments  
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Figure 2-3 Lithostratigraphic columns for the Carboniferous and Permian in the Central European Basin System, 
ordered from west (Netherlands, left column) to east (right column). Data after Kombrink (2008), Ziegler (1990), 
and Menning and Hendrich (2005). 
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(Herzynische and Böhmische Fazies) are usually dark claystones and marlstones. Further towards the 
southeast, the sediments are affected by the Variscan uplift (e.g. Rheinisches Schiefergebirge). The 
onset of Carboniferous time was marked by a change to more diversified marine, fluvial, deltaic, and 
continental sedimentation (Figure 2-3). This change was a direct result of a major, southerly derived, 
marine transgression over the Old Red Sandstone Continent at the beginning of the Carboniferous 
(Anderton et al., 1979), and the continued northward continental drift of Laurasia from an arid to a 
more humid, tropical latitude (Ziegler, 1990). Depositional conditions during the Dinantian remained 
marine, and water depth generally increased. The Kohlenkalk Platform is present over the entire 
northern part of the area, with shaly sediments between the carbonate reefs. To the south, the facies 
become more shaly (Kulm Fazies) with abundant dark shales rich in organic matter (Kombrink, 2008, see 
Appendix 1). Around the LondonBrabant-Massif and the Mid-German High the sediments are more 
coarse-grained siliciclastics. 
Important marine and non-marine Paleozoic source rocks have been identified in Namurian sediments 
(Lokhorst et al., 1998), which may have sourced both oil and gas fields in the CEBS (Gerling et al., 1999). 
The distribution is limited to the north by the Mid-North Sea-Ringkøbing-Fyn High and in the south by 
the Central European Suture. The Namurian A and B strata were deposited in essentially the same basin 
as the Dinantian. The two main facies are a shallow marine/ deltaic facies and a starved facies in the 
central part of the basin (Gerling et al., 1999, see Appendix 1). 
During the Late Carboniferous, the area of the CEBS was localized at the equator. The landscape was 
inhabited by tropical forests and abundant swamps and raised bogs, precursors of numerous of coal 
seams. A paralic depositional environment characterized the lower part of the Westphalian; in the upper 
part the deposition became more variegated. Non-marine source rocks are widespread in the 
Westphalian; on average the coal content is 5% (Scheidt and Littke, 1989). In the Ruhr Basin in 
northwest Germany, more than 100 coal seams are known. Towards the Mid-North Sea High, the coal 
content decreases while the amount of sand in the succession increases. Marine source rocks have been 
reported from the West Netherlands Basin (De Jager et al., 1996). In northwest Germany, the sand 
percentage increases from 12% in the Westphalian B1 to 60% in the Westphalian C. Potential reservoir 
rocks are formed by fluvial sandstones. 
During the Permian, Pangea moved further northwards into the arid zone. Deposition was controlled by 
red and oxidized clastics. Under these conditions, sedimentary cycles consisting of clastics and salts 
developed, reflecting minor changes in aridity (Bachmann et al., 2008, see Appendix 1). The Rotliegend 
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clastics have been strongly modified by diagenetic processes (Schöner et al., 2008). The sedimentary 
Rotliegend forms the economically most important gas reservoir horizons in the study area. The basin 
centre was located in northern Germany, south of the Mid-North Sea-Ringkøbing-Fyn High, with more 
than 2000 m of sediments. A stepwise enlargement of the depositional area from this centre toward the 
west and the east occurred over time (Stollhofen et al., 2008). Aeolian sandstones of Late Permian age 
form the most important reservoirs targeted by gas exploration wells. 
2.3.4 Erosion maps 
Basin evolution can be subdivided into several phases of sedimentation and erosion. Three major 
erosion stages have been included in the model: erosion of Paleozoic rocks in the Late 
Carboniferous/Early Permian; Early Cretaceous uplift with erosion of primarily Jurassic sediments; and 
Late Cretaceous inversion with strong erosion of mainly lower Cretaceous/Upper Jurassic sediments. 
Based on data and maps of present-day and initial thickness of Westphalian rocks, an erosion map was 
created (Figure 2-4). Drozdzewski and Wrede (1994) assumed a maximum thickness of about 4000 m in 
the Ruhr Basin. By contrast, Krull (2005) assumed that the maximum thickness was some 3000 m in the 
same area (see Appendix 1). 
For modeling, the present-day thickness of the Westphalian (Figure 2-2) was subtracted from the initial 
thickness (Krull, 2005). In the model, erosion starts in the late Westphalian at 306 Ma and has a duration 
of 3 Ma. This is clearly a simplification, but it has little effect on the modeling results with respect to 
maturation, gas generation, and gas accumulation. 
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Figure 2-4 Eroded thickness due to Late Carboniferous/Early Permian inversion. The red arrow points to the 
Groningen area where the eroded thickness is about 1000 m. 
The next important stage of uplift and erosion occurred during the Late Jurassic and Early Cretaceous in 
the area of the Pompeckj Block in northwest Germany, and formed the Kimmerian unconformity. The 
erosional thickness for the Jurassic sediments was compiled according to published 1D models (Rodon 
and Littke, 2005; Neunzert, 1996) and was up to 2000 m in the southern North Sea, 700 m in the 
Glückstadt Graben, and around 500 m in the area north of the island of Rügen. The undocumented 
erosional thicknesses in surrounding areas were estimated and interpolated with the available data. The 
extent of areas of non-deposition was adopted from Ziegler (1990) (see Appendix 1). With the exception 
of a few small depressions, e.g. the Ostholsteinischer Juratrog, Jurassic sediments are absent below the 
Kimmerian unconformity. In our modeling, the erosion starts at the end of the Jurassic and lasts 25 Ma. 
In Late Cretaceous and Paleocene times, the North Atlantic was opening as the African plate drifted 
northwards. Towards the end of the Cretaceous, Africa-Arabia and Eurasia collided, forming the Alpine 
orogen. This change in tectonic regime resulted in a change of the stress field in central and northern 
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Europe. The collision-induced compressional stresses affected the whole of Europe, and caused the 
inversion of parts of the CEBS (Kley et al., 2008; Voigt et al., 2008). 
Compression dominated along the Elbe Fault System and north of the study area along the Teisseyre-
Tornquist Zone and the Sorgenfrei-Tornquist Zone (Ziegler, 1990; Scheck et al., 2002; Otto, 2003; 
Scheck-Wenderoth and Lamarche, 2005; Mazur et al., 2005; Krzywiec, 2006), and reactivated pre-
existing tectonic structures. Localization of the strongest compressional deformations led to the 
formation of deep-reaching reverse faults and flexures, causing significant erosion of sediments at the 
southern margin of the CEBS. The orientation and geometry of inversion structures as well as paleo-
stress studies (Nalpas et al., 1995; Kossow et al., 2000; Lamarche et al., 1999, 2002; Vandycke and 
Bergerat, 2001; Voigt et al., 2004; Mazur and Scheck-Wenderoth, 2005; Sippel et al., 2009) suggest that 
the CEBS underwent N-S to NE-SW compression during the Late Cretaceous. Most of the NW-SE striking 
inverted blocks in the CEBS are bordered by marginal basins which are truncated by the Base Cenozoic 
unconformity, an indication that uplift occurred prior to Cenozoic deposition (Littke et al., 2008). 
Inversion affected several sub-basins, especially graben structures such as the Lower Saxony Basin and 
the West and Central Netherlands Basins, and large basement blocks like the Harz Mountains (Fig. 2-1) 
were thrust up by several thousand metres, mostly on reverse faults striking NW-SE. The strongest 
inversion occurred in the Lower Saxony Basin, where it removed up to 6000 m of sediments (Senglaub et 
al., 2006; Muñoz et al., 2007; Voigt et al., 2008; Figure 2-5). The West Netherlands Basin was tilted, 
erosion being most pronounced in the northwest along the Zandvoort Ridge. Up to 2000 m of Triassic to 
Cretaceous sediments were removed. The Central Netherlands Basin was inverted along its central axis 
(Littke et al., 2008; Nelskamp et al., 2008). Erosion was therefore greatest in the centre of the basin 
where locally all sediments from the Carboniferous to the Cretaceous were removed, in total up to 2500 
m. In The Netherlands section of the Lower Saxony Basin, the inversion movements were small and
removed only up to 500 m of sediments (De Jager, 2007; Nelskamp et al., 2008; Figure 2-5). 
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Figure 2-5 Eroded thickness due to Late Cretaceous inversion within the southern part of the study area. 
The onset of inversion and erosion has been deduced from a variety of geological factors and, most 
importantly, fission track data. However, it must be noted that the inversion phase did not affect the 
entire CEBS: at the same time strong subsidence and sedimentation occurred in the former (Permian) 
basin centre within the Pompeckj Block and the Glückstadt Graben (Littke et al., 2008). Minor rifting 
activity and related subsidence occurred in the North Sea area from Early Oligocene times onward, with 
a depocentre over the North Sea Central Graben. 
2.3.5 Boundary conditions: heat flow through time and trend distribution 
For the reconstruction of thermal histories and the evaluation of source-rock maturation and petroleum 
generation, a corresponding heat flow history has to be assigned to the geological evolution. Although it 
is used as an input parameter, the paleo-heat flow is commonly difficult to define, especially if the 
maximum maturity is reached at a late stage. The geotectonic evolution of the NGB indicates several 
regions with variable heat flow trends through time. These heat-flow trends were derived from different 
research projects, based on available vitrinite reflectance, bottom-hole temperature, and apatite fission 
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track data (Figure 2-6). In this study, the applied present-day heat flow is similar to the global average 
values, ranging from 50-60 mW/m2. 
Figure 2-6 Regional heat flow trend distribution showing heat flow trends through time. From top to bottom: 
trend 1 (default); trends 2 and 3 (modified after Friberg, 2001); trend 4 (modified after Neunzert, 1996); trend 5 
(modified after Muñoz et al., 2007); trend 6 (modified after Rodon and Littke, 2005). 
Significantly elevated heat flows can be assumed during basin initiation in Late Carboniferous to Early 
Permian times. All trends incorporate the early Permian phase of intense volcanic activity with a 
maximum heat flow value of 90 mW/m2. A heat flow anomaly at that time with similar magnitude was 
also proposed for the NGB by Brink et al. (1992), Neunzert et al. (1996), and Rodon and Littke (2005). 
Assuming a gradual cooling, the heat flow trends decreased to 60 mW/m2 in Early Jurassic times, which 
is in the range of typical continental heat flow (Pollack et al., 1993). Trends 2 and 4 shows a second 
increase in the Tertiary, associated with volcanic activity in north-east Germany (Figure 2-6). Trend 5 
also shows an increase of heat flow during the Early Cretaceous, which was initiated by rifting in the 
Lower Saxony Basin (Muñoz et al., 2007). The trend distribution is illustrated in Figure 2-6. 
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2.3.6 Salt tectonics 
Zechstein salt was mobilized during several phases of salt tectonics within the CEBS (Warren, 2008), 
affecting thickness distribution. To find the balance between the geological geometry and the 
possibilities of PetroMod, the salt piercing tool was used to deal with salt domes/diapirs: when salt 
piercing takes place, parts of the layers lying above are replaced by salt during specific time intervals 
(see Appendix 1). Although this tool does not allow simulation of the complex basin history and salt 
movements (Urai et al., 2008), it is sufficient for our purposes. Our modeling has primarily focused on 
the presalt gas system; therefore the exact timing of salt movement and geometries of salt diapirs can 
be neglected. However, the salt lithology has to be placed at roughly the correct position because the 
much higher heat conductivity of salt influences the thermal field (Magri et al., 2008). This can be 
accomplished by the salt piercing tool in sufficient detail (Hantschel and Kauerauf, 2009). 
2.4 Output/Discussion 
2.4.1 Calibration and 1D extraction 
The maturity history as a result of burial and thermal evolution was calibrated by comparing calculated 
and measured vitrinite reflectance and temperature data. Vitrinite reflectance data were available from 
98 hydrocarbon exploration and research wells (see Appendix 1). Much of the modeling and calibration 
data for individual wells has been published (e.g. Neunzert et al., 1996; Friberg, 2001; Rodon and Littke, 
2005; Senglaub et al., 2006). 
2.4.2 Burial and thermal history of Westphalian A and B 
Strong sedimentation in the depocentre of Rotliegend sedimentation brought the top of Westphalian A 
and B to a depth of around 3 km in the NGB at 258 Ma. In the Northeast German Basin deep burial and 
also high temperatures occurred where there are thick Rotliegend volcanics (maximum 190°C, 1-2% 
Vitrinite reflectance VRr) (Figure 2-7). Maximum temperatures for the top Westphalian A and B reached 
about 230°C north of well Ellerburg Z1 (Figure 2-1), where the centre of Westphalian sedimentation is 
situated, and vitrinite reflectance reached 3.4%. In The Netherlands the top of Westphalian A and B 
remained above 1.5 km, and in most parts above 0.3 km depth, and so experienced no high 
temperatures at this time. Maturity of the top of Westphalian A and B did not reach 1.0% VRr (Figure 2-
7). 
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Figure 2-7 Top of Westphalian A and B at 258 Ma: top - vitrinite reflectance; bottom left - temperature; bottom 
right - transformation ratio. 
Deep burial during the Triassic took the top Westphalian A and B to a depth of more than 10 km in the 
Glückstadt Graben area at 200 Ma, at temperatures of about 300°C (Figure 2-8). In the Northeast 
German Basin deep Triassic burial and high temperatures also occurred where there are thick Rotliegend 
volcanics (maximum 240°C, 1.5-3.7% VRr). In the Lower Saxony Basin strong subsidence started at the 
end of Buntsandstein deposition and continued during the Late Triassic to take the top Westphalian A 
and B to a depth of about 5 km, where temperatures of approximately 200°C were then reached. The 
area between the NGB and the Lower Saxony Basin reached a depth of around 3-4 km and temperatures 
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of roughly 100-150°C. In The Netherlands the top of Westphalian A and B remained above 2 km depth 
and no high temperatures were reached at this time. In the northwestern part of the study area the 
initial opening of the Horn and Central Graben led to a burial of up to 6 km and corresponding 
temperatures of 200°C (Figure 2-8; Beha et al., 2008). 
Figure 2-8 Top of Westphalian A and B at 200 Ma: top - vitrinite reflectance; bottom left - temperature; bottom 
right - transformation ratio. 
In the Late Cretaceous (87 Ma) the end of sedimentation was characterized by greatest burial depth 
(>11 km) and maturity of the top of Westphalian A and B in the Lower Saxony Basin; temperatures 
reached 460°C and maximum vitrinite reflectance was far above 4.6% - the kinetics of Sweeney and 
24 
Burnham (1990), used for maturity calculations in the numerical modeling, allows calculations only up to 
4.6% VRr. The Central Graben continued to open and the top of Westphalian A and B reached about 7 
km depth there. In the central part of the Glückstadt Graben the top of Westphalian A and B descended 
to more than 11 km depth. In The Netherlands the top of Westphalian A and B achieved greatest burial 
of about 4.5 km depth and 2.8% vitrinite reflectance (Figure 2-9; Nelskamp et al., 2008). 
Figure 2-9 Top of Westphalian A and B at 87 Ma: top - vitrinite reflectance; bottom left - temperature; bottom 
right - transformation ratio. 
In recent times the top of the Westphalian A and B has a high maturity in most parts of the study area, 
especially in the Glückstadt Graben and the Lower Saxony Basin where the transformation ratio of gas 
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and oil is at 100% (Figure 2-10). In the Glückstadt Graben, the Lower Saxony Basin and some areas in the 
Northeast German Basin the source rock has been highly overmature (>4.5% VRr) since the Cretaceous, 
and no longer has any gas generation potential. In contrast, the top of Westphalian A and B was never 
buried much deeper than 4 km in the onshore area of The Netherlands, primarily within the Friesland 
Platform and the Central Netherlands Basin, and was generally buried only to about 2 km. Accordingly, 
maturity of this unit is only in the range 0.5-2.0% VRr. In the southern North Sea sedimentation still 
continues to the present day, and the top of the Westphalian reaches its highest temperatures of 290°C 
in the Central Graben (>4.50% VRr), whereas temperatures are much lower in the continental shelf 
region (about 160°C; 1.60% VRr), and within the Pompeckj Block (3% VRr) (Figure 2-10). 
The results of the simulation show the differences in burial, thermal, and maturity history for the main 
tectonic areas of the NGB. These results are based on calibration with present-day temperature and 
vitrinite reflectance data from numerous wells within the basin. For most of these wells, 3D calibration 
as achieved by our model is similar to the former 1D calibration, although there may be small 
differences due to lateral heat transfer which is not taken into account in the 1D models. However, 
there is a more significant mismatch between the model and calibration data for some areas/wells. The 
low horizontal resolution of the large-scale 3D model can affect the simulation results. For example, in 
areas with salt domes in the direct vicinity of wells, the 4 × 4 km² grid can lead to a wrong assumption 
about the lithology, e.g. salt instead of clastic rocks. This false lithology assumption leads to incorrect 
heat conductivities and thus to vitrinite reflectance values which are too low in the Carboniferous. This 
happened for well Boizenburg in the Northeast German Basin, the only well for which such a strong 
effect on calibration data was observed. A local rather than regional 3D model would avoid this effect. 
Also, the model is not well calibrated for the Münsterländer Basin due to the fact that Variscan erosion 
is probably too low. Here the initial thickness of Krull (2005), which was used to calculate the erosion 
rates, may not be sufficient. The greater initial thickness constructedby Drozdzewski and Wrede (1994) 
seems to be moreaccurate for this area. Furthermore, pre-Permian heat flowsmay have been higher 
than our default value of 60 mW/m². As shown in Figure 2-6, heat flow trends were here developedfor 
post-Carboniferous times, which is not sufficient for the Münsterland area and Rhenish Massif (Figure 2-
1). Our output data, however, hardly touch this area at the southern rim. In summary, the model is well 
calibrated for areas in which plenty of well data were available. This is clearly the case for most of the 
German part of the model and to lesser extent for the northwestern and eastern margins. 
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Figure 2-10 Top of Westphalian A and B at recent times: top - vitrinite reflectance; bottom left - temperature; 
bottom right - transformation ratio. 
In comparison to the recently published map by Kombrink et al. (2010), we think our model provides 
more accurate data in the central part of the basin (Figure 2-11). For example, thermal maturity is 
clearly underestimated in the map of Kombrink et al. (2010) in the area of the Glückstadt Graben. In 
contrast, the map by Kombrink et al. (2010) is based on a lot of well data in the area of The Netherlands, 
and may be more accurate there (Figure 2-11). For the area south of Bremen, the best resolution for 
present-day maturity is probably given by the map of Drozdzewski et al. (2008). 
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Figure 2-11 Maturity map of the top of Carboniferous: top - after Kombrink et al. (2010); bottom - results of our 
modeling, also showing wells from which vitrinite reflectance data were available, used for calibration. 
2.4.3 Generation, migration, and accumulation of gas 
Based on temperature and burial history, gas generation was calculated from Westphalian coal-bearing 
strata using the gas generation kinetics of Burnham and Sweeney (1989). All petroleum flow simulations 
in this study were performed by using the hybrid migration method implemented in PetroMod. 
Transformation ratios have already been presented in the previous section. This information was used 
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to calculate petroleum migration and accumulation in reservoirs. Clearly such a large-scale model can 
only show general trends. In order to study a special accumulation in great detail, a reservoir-scale 
model would be needed in addition. In particular, the evolution of individual salt diapirs and horst and 
graben structures could not be simulated correctly in the basin-scale model. Therefore, most modeled 
reservoirs are not exactly at the positions that would result from a reservoir-scale model. On the other 
hand, the basin-scale model has the advantage that it provides visualization of all drainage areas and the 
general flow direction in the basin at different time steps. Also, large-scale lateral migration is taken into 
account, which cannot be handled in small-scale reservoir models. 
North of the Rhenish Massif (Figure 2-1) Westphalian sediments were deeply buried during the Variscan 
orogeny and an early generation of gas occurred. Early-generated gas largely escaped from the basin 
during the Variscan folding before the Zechstein salt was deposited as a regional seal. In this context, it 
should be mentioned that there are many thin claystone/siltstone layers in the Carboniferous and 
Rotliegend clastics, and they might act as seal there. However, it is questionable whether these thin 
fine-grained clastics can maintain large gas accumulations over 100-300 Ma. In our basin model, these 
accumulations cannot appear because we did not define the distributions of reservoirs and seals, i.e., 
sandstones and claystones, respectively. 
Figure 2-12 Total masses of hydrocarbon generated and expelled since the Carboniferous. 
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Figure 2-12 displays the overall generation and expelled masses of hydrocarbons during basin history 
based on our modeling. In total more than 70% of the generated hydrocarbons were lost, 25% 
accumulated in the source rock, and less than 5% accumulated in reservoirs. Clearly these numbers can 
only be regarded as very rough estimates, but they do indicate that most of the gas escaped from the 
basin and that source rocks in the Carboniferous (coals and shales) still contain a lot of gas. Initial 
accumulations were located in the central part of the study area after the end of Zechstein 
sedimentation. An abrupt increase in size and number of reservoirs took place during the Triassic when 
rapid burial of the Westphalian A and B caused intense gas generation. 
Figure 2-13 shows the location of the modeled gas accumulations. Although the model was calculated 
without any faults, except for one fault in the area of the Flechtingen High, the general distribution of 
reservoirs is quite well modeled. In particular, the reservoirs predicted in the Groningen, Soltau, and 
Salzwedel structures do exist in reality. The model also predicts several major gas accumulations at the 
margin of the basin, which are not proven (see Appendix 1). This is due to the fact that much gas 
migrated over long distances towards the margins. However, the sealing capacity there seems to be 
overestimated by the model, so too many accumulations of sizes that are too large have been predicted 
there. 
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Figure 2-13 3D view of top Rotliegend reservoir rock in recent times, including the reservoirs (in red) in the 
Rotliegend and Zechstein formations: top - view from southeast; bottom - view from northwest. The orange 
arrows point to the north. 
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2.5 Conclusions 
This paper reports results of large-scale numerical modeling of the NGB. The model includes new 
calculations of the thermal and maturity history based on integrated distribution and thickness maps of 
the Upper Carboniferous, especially the most important gas source rock, the Westphalian A and B. 
Furthermore the model includes erosion rates for three important erosion events (Westphalian, Late 
Jurassic/Early Cretaceous, and Late Cretaceous) within the basin history, which were important for the 
thermal history of the sediments, for the source rock maturity, and for gas generation. The model was 
calibrated by temperature and vitrinite reflectance data from about 100 wells, and results are shown in 
several maps. With this large-scale 3D model it is now possible to view the temperature field and related 
generation, migration and accumulation of hydrocarbons for any time in the basin history. Also the 
model shows the residual potential of the source rocks and the filling history of gas fields. 
The general regional trend of gas accumulations is well represented, even though no flow of fluid along 
faults is included. Some of these modeled gas accumulations are at the exact positions of known 
accumulations, e.g. the giant Groningen Field. However, in other parts of the basin there is a mismatch 
which gives important clues on the role of diagenetic processes influencing reservoir properties, on the 
efficiency of seals, and on the role of faults as migration pathways. 
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3 Mineralogy and Geochemistry of Mississippian and Lower 
Pennsylvanian Black Shales at the Northern Margin of the 
Variscan Mountain Belt (Germany and Belgium) 
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maturity, organic carbon content, sulfur content, quartz content, burial history, basin modeling, vitrinite 
reflectance, porosity 
3.1 Abstract 
Exploration of unconventional gas resources from Paleozoic formations in northwestern Germany is just 
getting started. Large, potential gas reservoirs are presumed to be present north of the Rhenish Massif, 
where Mississippian and Pennsylvanian marine black shales occur. This paper comprises geochemical 
and mineralogical data and other important aspects of potentially economic black shale formations of 
the Carboniferous. Additionally, the burial and thermal history was reconstructed using 1D modeling 
software (Schlumberger). These 1D models were calibrated with vitrinite reflectance data from outcrops 
and shallow wells. In general, all Paleozoic black shales are at present highly mature, between about 1.5 
and >3% vitrinite reflectance. The shales of the uppermost Mississippian (Upper Alum Shale/Chokier 
Formation) have high contents of organic carbon, are tens of meters thick, and can be regarded as 
potential gas shale targets. Most other Mississippian and Pennsylvanian black shales are relatively thin. 
Adjacent carbonates are often stained black and rich in solid bitumen, indicating former oil 
impregnation of these reservoirs. 
3.2 Introduction 
Carboniferous sediments are widespread throughout central Europe, extending from Great Britain to 
northern France, Belgium, Germany, Poland, and Ukraine. These thick sedimentary units have been 
intensely studied due to the presence of numerous coal seams in the Pennsylvanian which were mined 
in the past. Mining is still active in some parts of Europe, but overall activity has been declining over the 
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last few decades, mainly due to complex geological conditions, great depth of the coals and high 
population density. Little is known about the black shales occurring in the Carboniferous, which have not 
been considered economically interesting targets due to their high thermal maturity. The high maturity 
has exhausted all oil potential, but some of these shales are still well within the gas window. As interest 
turns more and more towards such gas shales, we investigated the geochemistry and mineralogy, as 
well as thermal maturity of these rocks. A large shale gas potential is expected in Pre-Permian black 
shales; in particular, the Mississippian contains abundant marine, organic matter-rich shales (Kombrink, 
2008; Korn, 2010; Littke et al., 2011). Our study mainly focuses on the Mississippian units, especially on 
the Upper Alum Shale (“Hangende Alaunschiefer”) of Late Mississippian age and its Belgian equivalent, 
the “Chokier Formation”, but also includes some information on other Mississippian (Tournaisian and 
Viséan) and Lower Pennsylvanian shales located within the study area. 
Many of these Paleozoic black shales are rich in carbonate or quartz, i.e. they can be regarded as 
marlstones or siliceous shales. Shale systems differ considerably in mineralogy, thermal maturity, 
(original) kerogen type, and occurrence of natural fractures. Permeabilities of unfractured shales are 
usually in the nanodarcy range (Aplin and Macquaker, 2011; Eseme et al., 2012; Hildenbrand, 2003) and 
porosity is generally low and strongly controlled by clay content and maximum burial depth. 
Key characteristics of gas shales are organic richness and a high gas generation and storage potential. 
Most gas shales were primarily oil source rocks, which retained a large part of their oil, either adsorbed 
to the kerogen matrix or within the pore space. Thus, secondary cracking of oil to gas (and solid 
bitumen) is an important process in these rocks. Secondary porosity in organic matter-rich shales partly 
results from primary and secondary cracking of kerogen and retained oil as well as brittle deformation of 
these rocks (Jarvie et al., 2007). 
Black shales in general are organic-rich shales, in which organic carbon contents usually exceed 1% and 
mostly vary between 2% and 10% (Tourtelot, 1979). They generate hydrocarbons during ongoing burial 
and heating. Kerogen in marine immature black shales is most often classified as Type II with an 
excellent petroleum generation potential. 
Black shales do not differ significantly in terms of mineralogical composition compared to ordinary 
shales. Nevertheless, the deposition in anoxic or oxygen-depleted environments has some effect on the 
relative amount of minerals. Pyrite content especially varies largely across black shale successions and is 
commonly high in marine shales. Berner (1984) states that sulfur availability for pyrite formation is 
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provided by the HS− production from sulfate reducing bacteria and additional intra-sedimentary 
processes. The amount of pyrite in marine black shales is strongly controlled by the availability of iron, 
which directly correlates with the amount of iron-bearing minerals. 
In particular, Alum shales are relatively enriched in pyrite. Weathering of the dispersed pyrite results in 
sulfuric acid reacting with potassium and aluminum to form a mineral called alunite, which is part of the 
alum-mineral group. Alunite provides the name for this lithology. In the past, alunite was used in the 
leather tanning industry. The most prominent Alum Shale examples are the Swedish Cambrian and 
Lower Ordovician Alum Shale formations, which were mined for several reasons for over a total of 350 
years. The Swedish Alum Shale has an average thickness of 40 m (max. >100 m) and total organic carbon 
(TOC) contents ranging from 2% to 20% (Buchardt et al., 1997). In addition to being a source for alunite, 
it also supplied crude oil and was later used for its metal ores. For example, the Swedish Alum shales are 
enriched in uranium and vanadium (Dyni, 2005). 
The goal of this work is to provide detailed information on organic carbon content, thickness, 
mineralogy, geochemistry and thermal maturity of Mississippian and Pennsylvanian black shales, 
occurring in outcrops at the northern margin of the Rhenohercynian zone of the western European 
Variscides, with special emphasis on the Late Mississippian Upper Alum Shale and its Belgian time-
equivalent, the Chokier Formation. This same (outcropping) sequence of rocks also underlies 
Pennsylvanian, Mesozoic, and Tertiary sediments in the Münsterland Basin, the Lower Saxony Basin, the 
Lower Rhine Valley Basin, and the Campine Basin at depths where they could become a shale gas target 
in the future. 
3.3 Geological Setting 
The results presented in this paper are based on samples from the northern rim of the Ardennes in 
Belgium and the Rhenish Massif in western Germany (Fig. 3-1), which are low mountain ranges. The 
study area extends from the Hochsauerland in the east to the Belgian city of Namur in the west. East of 
the river Rhine the Paleozoic rocks of the Rhenish Massif descend in the Ruhr Basin below Cretaceous 
rocks, dipping towards the north. Further to the west, they are covered by the Tertiary units of the 
Lower Rhine Valley Basin, and the Mesozoic units of the Campine Basin, Belgium (Fig. 3-1). 
Five sampling areas are marked in Fig. 3-1, from which outcrop and well samples are derived. In the 
west, area 1 is part of the northernmost Ardennes mountains in Belgium, where Namurian, Tournaisian 
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and Viséan samples were taken from outcrops and from one well. The same stratigraphic range was 
studied in the Aachen area (area 2) at the border between Germany, Belgium, and The Netherlands. 
Sampling area 3 is located in the westernmost part of the Rhenish Massif, close to the city of Wuppertal, 
while sampling area 4 is further to the east (see Fig. 3-1). In these three areas, only samples from 
outcrops were investigated. The easternmost sampling area (area 5) was considered because of the 
occurrence of Lower Alum Shale in outcrops, but only a few samples were studied from that area. 
The Rhenohercynian Zone (RHZ) was positioned at the southern part of the Avalonian microcontinent 
from the Late Proterozoic until the Variscan orogeny in the Late Paleozoic (Franke, 2000). It is assumed 
that the formation of the RHZ began during the Cadomian Orogeny. Relics of these Cambrian rock units 
can be found in the Rocroi and Stavelot-Venn Massifs of the Ardennes represented by metamorphic 
rock units of mainly siliciclastic protoliths. During the Lower and Middle Devonian, sedimentation 
changed from siliciclastic to shallow marine carbonates. Clastic input from the London-Brabant Massif 
(Fig. 3-1) declined and extensive reef and shelf carbonates precipitated during the Eifelian and Frasnian. 
The Upper Devonian was predominately a mostly marine environment, leading to pelagic black shale but 
also sandstone deposition. Around local ridges, carbonate sedimentation was still ongoing. 
Carboniferous times were characterized by diversified marine, fluvial, deltaic and continental 
sedimentation and the northward drift of Laurasia from an arid to a more humid, tropical latitude 
(Ziegler, 1990). A northward trending transgression affected large parts of Central Europe in the Lower 
Carboniferous, leading to the regionally extensive formation known as the “Kohlenkalk Platform”, 
representing shallow marine carbonates. In the east, the “Kulm”-succession is much more shaly with 
abundant dark organic matter-rich shales, represented by a starved basin facies with thicknesses of less 
than 50 to more than 150 m in the northern Rhenish Massif. Towards the north, the thickness of Viséan 
and Namurian black shales seems to decrease (Ricken et al., 2000), but only a few wells penetrate these 
units. 
Under starved basin conditions, bituminous black shales and siliceous shales were deposited in most 
regions of The Netherlands and northwest Germany. In some areas, stagnant conditions must have 
prevailed during the Mississippian (Kombrink et al., 2010). The deposition of thick Upper Viséan Kulm 
greywackes along the eastern margin of the Rhenish Massif marked the Variscan Uplift and initial 
erosion of the southern Rhenish Massif. 
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The Mississippian/Pennsylvanian border marks an important change of depositional environment. 
Instead of marine sedimentation, terrestrial conditions started to prevail, with the deposition of 
abundant tropical peat mires (Jasper et al., 2010; Littke and ten Haven, 1989). Nevertheless, marine 
ingressions led to several black shale depositional cycles typically occurring above coal seams. 
Just before the Variscan orogeny, the maximum burial depth of all sedimentary units was reached as 
well as highest temperatures (Karg et al., 2005; Littke et al., 1994). A few Permian sediments in the 
study area are thermally much less mature than the underlying Paleozoic, evidence of strong uplift 
during the latest Carboniferous or Early Permian. 
The Lower Alum Shale (“Liegende Alaunschiefer”, Fig. 3-2) can be traced along outcrops at the Variscan 
Deformation Front from the Rhenish Massif in the west (roughly time equivalent to the base of the Pont 
d`Arcole Shale in the Dinant Synclinorium) to the Harz Mountains in the east where it is an important 
reference horizon in the local stratigraphy. Thicknesses are reported to be 10-50 m in the northeast of 
the Rhenish Massif (Stoppel et al., 2006). We identified a 20 m thick sequence in the East-Sauerland 
Anticline (“Ostsauerländer Hauptsattel”) which is one of the major anticlines in the eastern Rhenish 
Massif. Lower Alum Shale horizons of the Dill Syncline in the southeast of the Rhenish Massif have 
thicknesses of up to 15 m (Bender and Stoppel, 2006). To the north, thickness decreases to just a few 
meters as proven by the Münsterland 1 and Vingerhoets wells with thicknesses of just 3-4 m for the 
Lower Alum Shale (Wolburg, 1963). 
Thicknesses of the Upper Alum Shale Formation deviate largely throughout the area. Stoppel et al. 
(2006) identified a 110 m succession at the NE margin of the Rhenish Massif. In contrast, in the East-
Sauerland Anticline successions of just 4 to 10 m exist. Between Aachen and Wuppertal, thicknesses 
vary from 50 to 70 m at outcrops in the Wuppertal area and in the Schwalmtal 1001 well (Amler and 
Herbig, 2006). A slight thinning towards the north is observed in the Münsterland 1 and Vingerhoets 
wells where thicknesses of 23-30 m were reported for the Upper Alum Shale (Wolburg, 1963). There, 
the Namurian occurs at great depths of about 5400 m and 1550 m, respectively. The northward extent 
of the Lower and Upper Alum Shale was investigated by Hoffmann et al. (2001) utilizing magnetotelluric 
measurements. Time-equivalent strata to the Upper Alum Shale Formation of Germany are the Bowland 
and Edale Shale Formations in Great Britain, the Souvré and Chokier Formations of Belgium, the Epen 
Formation with the Geverik Member in the Netherlands, and the Kulm Formation in Poland (Fig. 3-2, e.g. 
Kombrink, 2008). 
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Figure 3-1 Geology of the Paleozoic surface of the study area in northwest Europe (see upper map) with location 
of sampling areas 1 to 5 (lower map). Note that in each of the sampling areas, different outcrops or wells were 
studied. All outcrops are at the northern rim of the Rhenish Massif or its Belgian equivalent, the Dinant 
Basin/Ardennes representing a mountain belt folded during the Variscan period (map modified from Kombrink, 
2008 and Jasper et al., 2010). North of the Rhenish Massif and Dinant Basin/Ardennes, the Paleozoic is overlain 
by younger strata. 
The Chokier Formation of Belgium (in the following named as Upper Alum Shale, Area 1) generally has a 
mean thickness of 20-40 m including the Souvré Formation with a thinning trend towards the Brabant 
Massif. Increasing thicknesses are observed towards the south, reaching 80-150 m in the Dinant-Theux 
Basin (Delmer et al., 2001). The Epen Formation in The Netherlands comprises the “Geverik Member” 
(Fig. 3-2) at the base of the Namurian, which includes a black shale of around 25 m thickness with a TOC 
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content of up to 8% (Van Balen et al., 2000). Thermal maturity reaches about 2-3% vitrinite reflectance 
(Geverik-1 well, Muntendam-Bos et al., 2009). The Kulm black shales in Poland is, in contrast to the 
Geverik Member classified as a type II kerogen, a mixed type II and III kerogen-bearing source rock. The 
Polish Kulm shale usually shows TOC contents of up to 2.3% and can reach thicknesses of more than 100 
m (Poprawa, 2009). 
3.4 Samples and Methods 
Samples have been taken systematically from the outcrops of the different areas with spacings ranging 
from 50 cm to 1 m, depending on the dimensions and accessibility of the individual outcrop. The 35 m 
long core from Area 1 was sampled with a spacing of 50 cm as well. In two small outcrops in Area 4, a 
systematic approach was not applicable and only dark horizons were sampled. This may result in a small 
bias towards more organic rich rocks for that specific area. 
Elemental analyses have been performed on all these samples. Based on these data and with emphasis 
on an even distribution throughout the succession, samples have been chosen for Rock-Eval analysis, 
organic petrography and vitrinite reflectance measurements. Samples for XRD and XRF measurements 
have been selected with a focus on the Upper Alum Shale. 
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Figure 3-2 Stratigraphic chart and regional lithostratigraphic units of the Carboniferous including the investigated 
black shale formations (modified after Kombrink, 2008). 
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3.4.1 XRD and Rietveld analysis 
X-ray powder analyses were carried out using Bruker D8 Advance and Philips PW 1820 x-ray 
diffractometers. In both cases Cu Kα radiation (λ=1.5406 for CuKα1) with Ni filters were used. The tube 
of the D8 Advance operated at 45 kV/35 mA. Stepwise scanning measurements were performed with a 
0.02° step every 3 s. The total range was 2°-92° (2θ). The powdered samples were mounted on 
conventional top-loading holders with an opening diameter of 25 mm and a gas scintillation detector 
was used. The PW 1820 setup included tube conditions at 40 kV/40 mA and a 0.02° step at 3 s intervals. 
The total range was 3°-92° (2θ). The top-loading holders had an opening diameter of 16 mm. Analyses 
with this setup were carried out using a graphite (002) secondary monochromator and a gas scintillation 
detector. 
Qualitative processing was done with DIFFRACPLUS EVA 4.0 (Bruker AXS) and quantitative Rietveld 
analyses were performed using fundamental parameter approaches combined with an internal structure 
model database using the software TOPAS 4.2 from Bruker AXS. 
3.4.2 XRF 
Energy dispersive x-ray fluorescence analyses were performed for major element determination of the 
samples. The powdered samples were heated to 1000°C for 120 min to determine the loss on ignition 
(LOI). Fused discs were prepared with a dilution of 1:10 with a mixture of 66% Li-tetraborate and 34% Li-
metaborate. The analyzer was a Spectro Xlab2000 with a tube exciting Pd L radiation, operated at 13-53 
kV and 1.5-12.0 mA, and a Si (Li) detector. For the major elements determined, the best excitation was 
achieved using Co, Ti and Al as secondary targets. Results were processed using a fundamental 
parameter approach. Precision for the analyzed elements is <0.5%. 
3.4.3 TOC/TIC/TS analyses 
Total organic carbon (TOC, %) and inorganic carbon (TIC, %) contents were measured using a LECO RC-
412 Multiphase C/H/H2O Analyzer. Combustion took place using oxygen gas at temperatures between 
350°C and 520°C for TOC and 520°C and 1050°C for TIC. CO2 produced by these procedures was 
measured by IR absorption. Precision for these analyses was better than 4%. Additionally, total sulfur 
content (TS, %) was determined utilizing a LECO S 200 Sulfur Analyzer with precision<5%. 
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3.4.4 Organic Petrology (Microscopy) 
Sample preparation procedures for organic petrology analyses followed the International Organization 
for Standardization guidelines ISO 7404-2, ISO 7404-3 and ISO 7404-5, as well as the methods described 
in Taylor et al. (1998) with exact instrumentation described in detail in Sachse et al. (2011). 
Polished sections of the samples were used to perform vitrinite reflectance measurements (VRr) at 
random orientation of the grains. The microscope used was a Zeiss Axio Imager for incident light 
screening. The light source was a tungsten-halogen-lamp, operated at 12 V and 100 W and combined 
with a 542 nm filter. A 50X/0.85 Epiplan-NEOFLUAR oil immersion objective was used with Zeiss 
immersion oil (ne = 1.518 at 23°C). The setup was calibrated using standards of known reflectance: 
Yttrium-gallium-garnet (0.889%), gandolinium-gallium-garnet (1.721%) and cubic zirconium (3.125%). A 
total number of 100 data points for each sample was attempted. 
Subsequently, the results were processed using the DISKUS fossil software (Technisches Büro Carl H. 
Hilgers). 
3.4.5 Rock-Eval pyrolysis 
Rock-Eval pyrolysis measurements were conducted using a DELSI INC Rock-Eval II on samples with 
sufficiently high TOC values. Details on Rock-Eval measurement procedures were introduced by Espitalié 
et al. (1985) as well as calculated parameters such as Hydrogen Index (HI, mg HC/g TOC), Oxygen Index 
and Tmax (temperature of maximum pyrolysis yield, °C). Only a small number of samples were analyzed by 
this method due to the overall high maturity of the rocks. 
3.4.6 Basin modeling 
The term “basin modeling” refers to computer models that can be used to analyze the formation and 
evolution of sedimentary basins. Usually, a finite-element forward modeling approach is adopted to 
simulate the burial history of sediments including compaction, pressure, and temperature, as well as 
maturation of organic matter and petroleum generation through time. Principles of basin modeling have 
been described recently by Hantschel and Kauerauf (2009). We generated several 1D models using the 
PetroMod 2011.1 software of Schlumberger IES, Germany. The modeling requires input data that 
describe the present-day geological situation, and the geological history is simulated from the oldest 
event to the most recent one. 
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The time scale of the International Commission on Stratigraphy (2008) was used for chronostratigraphic 
subdivisions. The input data include thickness, erosion, lithology, heat flow, and absolute ages for each 
stratigraphic unit and each event. 
3.4.7 Porosity and Permeability 
Porosity and pore size distribution was determined on one sample from the core in area 1 using a 
Micromeritics AutoPore IV 9500 mercury injection and extrusion porosimeter at maximum mercury 
pressures of 420.58 MPa under vacuum conditions. The cumulative pore volume was calculated using 
Washburn's equation with a contact angle of 140° and a mercury surface tension of 485 dynes/cm. 
Additionally, gas permeability measurements were performed on the same sample under controlled 
confining pressure of 30 MPa in a triaxial flow cell. Non-steady state experiments were conducted with 
helium assuming ideal gas law at a range of mean pressure between 0.7 and 2.2 MPa and a pressure 
gradient of 5-10% of mean pore pressure in each step. The details of the general methodology are 
described in Brace et al. (1968) and Kwon et al. (2001) The Klinkenberg-corrected permeability 
coefficient was calculated using procedures introduced by Klinkenberg (1942). 
3.5 Results 
The black shale samples investigated in this study were collected from five locations along the northern 
margin of the RHZ (Fig. 3-1). Data on TOC, sulfur content, vitrinite reflectance, XRF and XRD/Rietveld 
analyses are summarized below. 
3.5.1 Thermal Maturity 
Vitrinite reflectance measured on the Viséan and Tournaisian black shales ranges from 1.3 to 3.9% (Fig. 
3-3; see Table 3-1 for mean values and Appendix 2) suggesting that the rocks are thermally overmature 
with respect to oil generation. Lower values were only recorded for few Pennsylvanian rocks (Namurian 
coal of area 2 and Westphalian of area 3; Table 3-1), with values close to 1.1% and 1.5% VRr, 
respectively. Highest maturities were recorded for the Viséan and Tournaisian of areas 4 and 5, i.e. the 
oldest rocks in the eastern part of the study area. In these rocks, average vitrinite reflectance exceeds 
2.5%. In the lower part of the Namurian including the Upper Alum Shale interval, the reflectance values 
vary between 1.1% and 3.9% being highest in area 1 and area 4 (see Figs. 3-1, 3-3). It should be noted 
that variability in vitrinite reflectance is quite high in area 4, where low values were measured for 
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outcrop Becke Oese and high values for outcrop Wicheln (both close to the city of Arnsberg) (Fig. 3-3 
and Table 3-1). 
 Figure 3-3 Mean vitrinite reflectance values at random orientation of particles (VRr) in different stratigraphic 
intervals and for different sampling areas. The scatter for some stratigraphic intervals in the same area is due to 
different outcrops representing different maturities, but also due to vitrinite reflectance anisotropy (Littke et al., 
2012). 
Vitrinites become increasingly anisotropic during burial due to condensation and ordering of aromatic 
layers (Béhar and Vandenbrouke, 1987; Schenk et al., 1990). Therefore it has been recommended to 
measure maximum reflectance or rotational reflectance on vitrinites at high levels of maturity instead of 
reflectance on random orientation of grains. Optical anisotropy of Devonian rocks in the study area has 
recently been discussed in Littke et al. (2012) and clearly depends on lithology and cleavage. This 
anisotropy may be the reason for the variability of measured data in rocks of similar age and adjacent 
outcrops. 
Several dozen samples were analyzed using Rock-Eval pyrolysis. However, S2 peaks were usually small, 
and HI and Tmax values calculated from S2 peaks are not reliable. For the few samples having a sufficient S2 
peak (>0.2 mg/g rock), low HI values and high Tmax values have been calculated (Table 3-1) reflecting the 
high thermal maturity. 
3.5.2 Organic carbon, carbonate and sulfur contents 
Based on measurements on a total of 315 samples, the TOC content varies between 0.1 and 8.2%, with 
an average value of 2.5% for all samples. Higher values were only recorded for some coals and coal-
bearing strata in the uppermost Namurian; such coal-bearing strata are also characteristic of the 
overlying Westphalian, but no Westphalian coal samples were investigated here. 
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The Upper Alum Shale has an average TOC content of 2.9% and a maximum of 7.3% is reached in the 
east (Becke-Oese outcrop, see Appendix 2). Due to the fact that all samples investigated are at high 
levels of maturation and due to the well documented loss of organic carbon during maturation 
(Rullkötter et al., 1988), we can assume that the original TOC values, i.e. the TOC values before 
petroleum generation occurred were on average at about 6%, assuming type II kerogen originally. Thus 
the original Upper Alum Shale has to be regarded as very good marine petroleum source rock. 
The Upper Alum Shale in area 1 reaches in the drilled well a thickness of about 25 m. Within this 
interval, TOC values are consistently high; especially in view of the advanced maturity of 2% VRr in this 
section (original TOC values - before thermal maturation - were about twice as high). 
In the Aachen area, the Mississippian “Kohlenkalk” is dark-stained due to solid bitumen, indicating 
former petroleum impregnation. However, TOC values are very low there. Namurian A/B claystones 
show somewhat higher values, but TOC is still less than 1% in all samples. In the Wuppertal area, the 
Lower Alum Shale of Tournaisian age, Viséan “Kieselschiefer and Posidonienschiefer” as well as the 
Upper Alum Shale contain much TOC. The thickness of this sequence is greater than 100 m, but the 
black shales are interrupted by organic lean carbonates. In the Arnsberg area, consistently high TOC 
values were found for Mississippian samples and especially for the Upper Alum Shale. In some of the 
outcrops there, vitrinite reflectance is high (3-4%). 
The sulfur content of the samples (167 samples measured, see Appendix 2) is highly variable ranging 
from less than 0.1% up to 8.7%, with an average value of 1.7% (Table 3-1). The high values reflect 
marine depositional conditions, because marine water contains much more sulfate than freshwater. 
During deposition and early diagenesis, this sulfate is reduced to H2S, which reacts to form mainly pyrite 
and marcasite (Berner, 1984; Littke et al., 1997). In the stratigraphic unit of the Upper Alum Shale, the 
highest sulfur contents reach 7.5% (outcrop Wicheln Lanwehr), with an average value of 2.8%. In Fig. 3-
4, TOC and TS contents are plotted, but TOC is doubled in order to take loss of organic carbon during 
maturation into account (see Discussion). 
The respective TS/TOC values are low for the Viséan and Lower Alum Shale as well as for the Namurian 
and Westphalian A samples. The very low ratios of the Westphalian and part of the Namurian are due to 
the terrestrial freshwater environment that replaced the marine environment successively during the 
Pennsylvanian. Some of the Viséan carbonates also show low ratios, which are probably due to a 
different origin of the organic carbon. 
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Table 3-1 Summary of characteristic properties of Carboniferous sediments from sampling areas 1 to 5. 
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Microscopic investigations indicate the presence of solid bitumen, which is a cracked product of former 
oil. Thus, the organic matter is not of primary origin, and the original limestones were very poor in TOC, 
limiting sulfate reduction and sulfur incorporation into the rocks. High TS/TOC ratios (Fig. 3-4) were 
calculated for the Upper Alum Shale in the Arnsberg area (Area 4; average value 1.04). These high values 
indicate deposition under anoxic bottom waters and a strong degradation of primary organic matter by 
sulfate-reducing bacteria within the water column. Most of the Upper Alum Shale samples plot clearly 
above the line for normal marine shales, defined by Berner (1984). 
Figure 3-4 TOC (multiplied by 2) versus sulfur contents for different stratigraphic intervals (“normal marine” line 
after Berner, 1984). It was assumed that TOC values were twice as high before petroleum generation in these 
highly mature sedimentary rocks. Samples of low TOC content (<6%) are plotted also at higher magnification in 
the lower diagram (B). 
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The high sulfur contents of most rocks investigated and the fresh appearance of pyrite under the 
microscope proves the low degree of weathering of the rocks investigated. Pyrite is known to be more 
affected by weathering of black shales than other minerals or even organic matter (Littke et al., 1991b). 
Whereas almost all samples show fresh pyrite, some of the shales from area 3 are an exception, having 
red colored iron oxides replacing former pyrite. These samples also have low TS contents indicating a 
more significant weathering than in the samples from the other areas. 
Carbonate content of the Upper Alum Shale is generally low, but somewhat higher in the central part 
(9%, area 3) than in the west and east (3%, areas 1 and 4, see Table 3-1). High carbonate contents occur 
in the “Kohlenkalk” formations of the Viséan. Some of these carbonates are stained black-brown, 
indicating former petroleum impregnation. 
3.5.3 Mineral content and inorganic geochemistry 
XRD phase identification was performed for thirty selected black shales and revealed the presence of 
the same major minerals in all of the samples: quartz, clay minerals, feldspars, carbonates, pyrite, and 
sulfates. Twenty-one of the thirty samples investigated represent the Upper Alum Shale, whereas three 
are from other Namurian units, three from Viséan black shales and three from the Lower Alum Shale. 
Silicates predominate in all samples, ranging from 40% to 80% (Fig. 3-5, see also Appendix 2), with 
almost equal amounts of quartz and clay minerals and lower contributions of feldspars. Clay minerals 
are mainly represented by muscovite/illite, kaolinite and chlorite with varying amounts, but 
muscovite/illite constitutes the main clay mineral in all samples. Feldspars were identified as orthoclase, 
microcline, and albite. Each of these three feldspars can be dominant, but on average, orthoclase is 
slightly more abundant than albite which in turn is more abundant than microcline. Interestingly, no 
anorthite, signifying a calcium-bearing feldspar counterpart, has been identified throughout the 
samples. 
A carbonate fraction was identified in all samples, represented by calcite, dolomite and siderite, the 
latter always present in small amounts. Almost no carbonate minerals have been found in the Lower 
Alum Shale set. Furthermore, sulfates like jarosite, anhydrite and gypsum are present as minor phases 
and are weathering products. Another mineral which occurs on a regular basis is pyrite, which is an 
important constituent of black shales and especially alum shales. In some samples an additional amount 
of alunogen and alunite was found. These aluminum sulfates provided the name for the Alum Shales. 
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Figure 3-5 Bulk mineralogy of thirty selected Mississippian black shale samples from the sampling areas 1 to 4 
according to XRD data (see Fig. 3-1 for location of areas). 
Quantitative analyses showed that quartz is the most abundant mineral in the majority of samples (Fig. 
3-5), followed by muscovite/illite which sometimes surpasses quartz in quantity. Quartz content varies 
between about 20% and 60% with an average value of about 40% for the Upper Alum Shales. 
In line with XRD results, XRF analyses reveal that SiO2 and Al2O3 are the main contributors to the 
samples’ elemental composition, associated with elevated values for Fe2O3 and K2O. CaO shows the 
largest variance among the additional oxides. Scatter plots of the oxides in relation to Al2O3 content are 
shown in Fig. 3-6. TiO2 content significantly correlates with the Al2O3 content (Fig. 3-6), identifying the 
aluminum bearing fraction as a terrigenous derived detrital fraction. SiO2 and Al2O3 are inversely 
correlated, due to the fact that most black shales are mostly mixtures of quartz and muscovite/illite. The 
inverse correlation is obscured by carbonate rich samples, in which both SiO2 and Al2O3 are low in 
concentration (Fig. 3-6). Potassium (Fig. 3-6) and sodium are bound to clay minerals and therefore 
positively correlated to aluminum. The same holds true for iron (Fig. 3-6), which is also positively 
correlated to aluminum, and is fixed in clay minerals and pyrite. One sample from the Namurian, 
however, contains a high amount of goethite (19.8%) and is characterized accordingly by exceptionally 
high contents of iron oxide (Fig. 3-6). 
(%)
49 
Figure 3-6 Inorganic geochemistry of thirty selected Mississippian black shale samples from the sampling areas 1 
to 4 (see Fig. 3-1 for location of areas). 
3.5.4 Microscopy and Petrophysics 
The diversity of organic matter appearance was investigated in polished sections. All samples with the 
exception of the Pennsylvanian sediments are characterized by high amounts of solid bitumen. In the 
more organic-rich samples, this solid bitumen commonly forms a fine network surrounding mineral 
grains (Fig. 3-7B-F). The Upper Alum Shale samples especially include much of this solid bitumen. 
Primary liptinite macerals are absent, due to the high maturity. Solid bitumen is regarded as a secondary 
maceral that replaced former oil-generating liptinite macerals and oil that were cracked to gas and tar 
(i.e. solid bitumen; syn. pyrobitumen). 
Vitrinites and inertinites are common in the younger Namurian samples (younger than Upper Alum 
Shale) and rare in the older samples investigated. Pyrite is common in all samples, but very abundant in 
(%) (%)
(%) (%)
(%) (%)
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the Lower Alum Shale, often occurring as framboids or cubic crystals. Fine lamination of the sediments is 
most pronounced in the Lower Alum Shale (Fig. 3-7). 
Mercury porosimetry revealed a total porosity of 2.45% of the sample from area 1. Furthermore, 
mercury injection indicated a pore size distribution of 67% in the mesoporous (2-50 nm) and 33% in the 
macroporous (>50 nm) range. The Klinkenberg-corrected gas permeability of the same sample is 15.8 
nD. 
Figure 3-7 Examples of microscopic features of organic matter in Mississippian and Pennsylvanian black shales. 
All photos were taken in reflected white light. UAS: Upper Alum Shale, LAS: Lower Alum Shale. For each section, 
specific details are listed in the upper right corner. VRr, TOC and TS values are given in percent. 
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3.5.5 Burial and temperature histories
Numerical 1D models were built to simulate the burial and temperature history of Mississippian black 
shales in the northern part of the eastern Rhenish Massif. 
Areas 3 and 4 at the northern rim of the Remscheid Altenaer Anticline were selected for this approach. 
At “Riescheid” outcrop (within the city of Wuppertal, Area 3) a nearly 200 m thick profile of Tournaisian, 
Viséan and Namurian sedimentary rocks was sampled and analyzed by vitrinite reflectance. The vitrinite 
reflectance results served as calibration data for modeling. The “Becke Oese”-Quarry is located 4 km 
southwest of Menden city (Area 4). There, a 600 m thick profile of Viséan and Namurian sediments was 
investigated and delivered data for modeling. 
The present thickness and other geological information were adapted from Brauckmann (1982) and 
Nöth et al. (2001) for the model “Riescheid” and from Korn (2010) and Nöth et al. (2001) for the model 
“Becke Oese”. The temperature history for the Mesozoic and Cenozoic is based on apatite fission track 
data from Karg (1998, FT 229 -Riescheid) and Büker (1996, FT 5 -Menden). Average continental heat flow 
(Allen and Allen, 1990) of 60 mW/m2 was assumed, except for a minor increase in heat flow during the 
Upper Carboniferous (325.5-308 Ma) of 65 mW/m2, which was necessary to calibrate the model by 
obtaining a best fit between measured and calculated vitrinite reflectance. 
At “Riescheid”, rapid deposition occurred during the Pennsylvanian (Fig. 3-8A). Thus, the base of the 
Upper Alum Shale was buried to a depth of 4450 m when the highest temperatures of about 165°C were 
reached; the corresponding llithostratigraphic pressure was about 100 MPa. The high sedimentation 
rate caused an excess hydraulic pressure (hydraulic overpressure) of 17.8 MPa according to our 
calculations (Fig. 3-8A and B). After a period of erosion during the uppermost Pennsylvanian and lower 
Permian, sedimentation resumed again in the upper Permian and continued until the end of the lower 
Jurassic with a total sedimentation of about 1400 m (1645 m depth were reached for the base of the 
UAS). At that time the base of the Upper Alum Shale reached temperatures of 92°C and hydraulic 
overpressures of 7.7 MPa are calculated (Fig. 3-8A and B). These Mesozoic sediments were eroded 
during the Jurassic and lower Cretaceous. The present vitrinite reflectance is about 1.7% in the Lower 
Alum Shale and about 1.6% in the Upper Alum Shale, both according to this simulation and measured 
data. From the Lower Cretaceous onwards, overpressures decreased to almost 0 MPa, due to the fact 
that the Upper Alum Shale is found today at/ near the surface. Clearly, the calculated overpressures 
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depend on petrophysical properties which are not completely known for the heterogeneous 
sedimentary sequence of the Carboniferous. 
In Area 3 (pseudo well “Menden”) deepest burial took place at about 310 Ma with a depth of about 
4900 m at associated temperatures of about 200°C for the base of Upper Alum Shale. A lithostatic 
pressure of about 110 MPa and a hydrostatic overpressure of 20 MPa (Fig. 3-8B) were calculated. During 
the Mesozoic, 1300 m of sediment was deposited, temperatures at the base of the Upper Alum Shale 
reached 93°C and hydraulic overpressures did not exceed 7 MPa. In the Oligocene, another 100 m of 
Namurian sediment was eroded (4700 m total erosion). Present vitrinite reflectance reached 2.5% in the 
Lower Alum Shale and is about 2.2% in the Upper Alum Shale (Fig. 3-8B). 
For both locations vitrinite reflectance values and maximum burial depths and temperatures were 
reached in Late Carboniferous times (e.g. Büker et al., 1995; Littke et al., 1994). 
Figure 3-8 A: Burial and thermal history for area 3. B: Time plots of temperature, vitrinite reflectance and excess 
hydraulic pressure evolution for areas 3 and 4 (see text for explanation). Mesozoic burial history is adopted from 
Büker (1996) and Karg (1998). 
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3.6 Discussion 
3.6.1 Facies and depositional environment 
All samples are dark, fine-grained clastic sedimentary rocks (black shales) with the exception of a few 
carbonates of the Tournaisian and Viséan, which were deposited in shallow marine conditions. Deep 
marine environments have sometimes been proposed for the Mississippian “Kulm” facies of fine-grained 
black shales, but really deep water (>1000 m water depth) does not seem to be realistic in view of the 
underlying reef carbonates and the overlying continental deposits of the Pennsylvanian. A basinal “outer 
shelf” or “slope” environment with water depths of several hundred meters is probable for the 
deposition of the black shales. Due to the high thermal maturity, a detailed organic facies subdivision of 
the Mississippian black shales (see Stasiuk and Fowler, 2004) is not possible. Primary features, such as 
fluorescing liptinite macerals, have been largely destroyed due to heating (see Fig. 3-7) during deep 
burial at the end of the Carboniferous. 
As a result, most samples contain predominantly secondary macerals (solid bitumen/pyrobitumen; 
Curiale, 1986) that replaced primary liptinite macerals. Such features are typical of former oil source 
rocks which originally contained abundant liptinite macerals and type I or type II kerogen. Examples of 
the distribution of these macerals and the texture of the source rocks are shown in Fig. 3-7. 
Important clues on the depositional environment can be derived from the TOC and sulfur contents of 
the samples. TOC in the samples studied is much lower than at deposition due to petroleum generation 
and expulsion processes. This loss has been quantified by Rullkötter et al. (1988) for Toarcian marine 
source rocks. They determined an increase in vitrinite reflectance from 0.48% to 1.45%, and a reduction 
in TOC by about 45% for this maturation interval. Due to the even stronger loss of organic oxygen and 
organic hydrogen, the total kerogen loss amounts to about 54%. Cooles et al. (1986) differentiated 
kerogen into labile and inert parts, assuming 40-60% of labile kerogen for black shales and an equal 
amount of inert (not-reactive) kerogen. Most of the petroleum generation potential of kerogen in black 
shales is realized up to a maturity of about 1.4% vitrinite reflectance, which is close to the minimum 
reflectance observed for our Mississippian black shales (Table 3-1). However, some black shales studied 
here have even higher maturities. Thus original TOC values (before petroleum generation occurred) can 
be assumed to be about twice as high as present-day values for the less mature gas shales studied here 
and even a bit higher for the most mature black shales at 3% VRr (see Rullkötter et al., 1988 for 
transformation of type II kerogen). For the sake of simplicity, we have used here a factor of two for all 
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samples and accordingly plotted 2 times TOC versus TS in Fig. 3-4. For the Upper Alum Shales, this 
results in average TOC values when immature of 5.2%, 4.0%, and 5.6% for areas 1, 3, and 4, respectively. 
TOC values seem to be slightly lower in the central area 3 as compared to the western area 1 and 
eastern area 4. Maturity is highest in area 4, followed by areas 1 and 3 (Table. 3-1; Fig. 3-3). This would 
indicate a higher mass loss of TOC due to higher maturity for Upper Alum Shale in area 4 than in area 1 
and especially 3. These data indicate a very good source rock character in all three areas, but the most 
organic-rich facies was probably present in the eastern area 4, followed by the western area 1 and the 
central area 3. 
Total sulfur was primarily measured to provide insight into the intensity of bacterial sulfate reduction 
(Berner, 1984). Under anoxic conditions, dissolved sulfate is reduced to H2S, which in turn reacts with 
iron minerals to form iron sulfides. TS vs. TOC ratios reflect the intensity of microbial sulfate reduction, 
and thus indicate the redox status of the environment of deposition. Berner (1984) found an empirical 
relationship between sulfur content and TOC content which is typical of most marine sediments 
deposited under aerobic bottom waters and plotted in Fig. 3-4. For the overmature samples of the 
Mississippian in central Europe, the TOC loss during maturation has been taken into account by doubling 
the TOC values (Fig. 3-4). 
High sulfur contents and high TS/TOC values (Fig. 3-4) characterize nearly all Upper Alum Shale samples. 
These high values generally indicate strong bacterial sulfate reduction. Clearly, more organic material 
was consumed via sulfate reduction than under normal marine conditions (Berner, 1984; Sachse et al., 
2011). The data plotted in Fig. 3-4 thus support an anoxic marine depositional environment for the 
Upper Alum Shales, whereas oxygenation of bottom waters was highly variable during Tournaisian and 
Viséan time. This variability is reflected in either very high or very low TS/TOC ratios (Fig. 3-4). During the 
Namurian, oxygenated bottom waters prevailed, leading to low TS/TOC ratios. Values are so low that 
even a freshwater influence cannot be excluded. Freshwater is usually considerably depleted in sulfate 
compared to marine water, resulting in very low TS/TOC ratios in sediments under these conditions 
(Berner, 1984). Littke et al. (1991a) and Lückge et al. (1996) showed that the consumption of part of the 
organic material during early diagenesis by microbial sulfate reduction greatly influences the quality of 
organic matter in marine sediments. 
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Figure 3-9 Ternary TOC-TS-Fe diagram. Fe was calculated from the XRF Fe2O3 values. LECO results were used for 
TOC and TS values. The plot is modified after Brumsack (1988) and Dean and Arthur (1989) with regime 
discrimination ranges (degree of pyritization DOP) after Raiswell et al. (1988). 
The ternary diagram (Fig. 3-9) shows a compilation of TOC, TS (both from LECO analysis) and Fe (from 
XRF analysis) contents. This plot is derived from Brumsack (1988) and Dean and Arthur (1989) 
exemplifying degree of pyritization (DOP) and regime classification lines adopted from Raiswell et al. 
(1988). The red line represents the stoichiometric pyrite line at a TS/Fe ratio of 1.15. Values below this 
line commonly indicate other forms of sulfur being present, i.e. organic sulfur, greigite, mackinavite. 
High DOP values indicate anoxic bottom water conditions. Most Upper Alum Shale samples fall within 
this category, but not the samples from area 3 (central part of study area). The low sulfur content in 
area 3 is also evident from the average values listed in Table 3-1, which are much lower than those in 
areas 1 and 4 for the same stratigraphic interval. Two explanations are possible. First is that the 
depositional environment in area 3 was more oxygenated than in areas 4 and 1, leading to lower DOP 
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and TS values, and to a lesser kerogen quality. An alternative explanation would be a much stronger 
degree of present day weathering in the outcrops leading to a selective degradation of pyrite (Littke et 
al., 1991b). The microscopic observations on weathered pyrite support the latter argument. If this holds 
true, the overall quality of the Upper Alum Shale in terms of TOC content and organic facies may be 
similar to that in areas 1 and 4; investigation on a fresh core could prove this argument. 
Viséan and Tournaisian black shales, including the Lower Alum Shale, show highly variable DOP values 
ranging from euxinic to oxic (Fig. 3-9). This variability is in contrast to observations by Siegmund and 
Trappe (2002) who did not observe any traces of benthic fauna and thus concluded that Lower Alum 
Shales were deposited under completely anoxic bottom water. The three Namurian black shales 
(stratigraphically above Upper Alum Shale) investigated all show very low DOP values, which indicates 
an oxic depositional environment and/or low sulfate contents due to greater fresh water influence 
confirming the conclusions made above. 
Sulfur content in black shales is of diagenetic origin due to sulfate reduction accompanied by organic 
matter oxidation, whereas very little sulfur is of primary origin (Lückge et al., 1996). About two moles of 
carbon have to be consumed to fix one mole of sulfur (see Lallier-Vergès et al., 1993). Accordingly, sulfur 
contents can be recalculated into primary organic matter content. The basic calculation scheme is 
described in Littke et al. (1991a) for early mature sediments. The only difference to the calculations 
described here is that we also had to consider a loss of kerogen during catagenesis as described above. 
In Fig. 3-10, the respective silicate, carbonate and organic matter contents are plotted in a ternary 
diagram. Obviously, almost all the black shales investigated are carbonate-poor and silicate-rich, with 
moderate to high organic matter contents. 
Mineralogical data indicate that much of the silicate is quartz, whereas other black shales are clay-
dominated. This richness in quartz is also evident from the XRF data. Fig. 3-11 is a plot of Al2O3, CaO and 
SiO2 after Brumsack (1988). Al2O3 and CaO contents are multiplied by a factor of 5 and 2, respectively, to 
separate the data points in the plot. Mixing lines between the Al2O3-SiO2 baseline and the CaO corner 
represent average shales from different references. This mixing corresponds to the fact that shales and 
black shales can be geochemically described as a mixture of silica and aluminum bearing fraction (mainly 
composed of clay minerals) with varying carbonate input (Brumsack, 1988). Each data point located 
below this line is enriched in SiO2 in relation to an average shale composition. This is a first geochemical 
indication of an exceptionally large amount of silica, which cannot be associated with the aluminum 
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bearing fraction. The amount of Al2O3 is a measure of the amount of detrital material present in the 
sediment, making black shales comparable in composition to normal shales (Brumsack, 1988). 
Figure 3-10 Ternary plot of primary sediment composition (before sulfate reduction; see text for explanation). 
Most black shales are silicate-organic matter mixtures with only low- moderate carbonate contents. 
Furthermore, Ross and Bustin (2009) described a dependence of total porosity on Si/Al ratios in shales. 
Therefore, total porosities may decrease with increasing Si/Al ratios, which has a direct influence on the 
capacity of free gas storage. 
Fig. 3-11 shows that the large majority of samples is enriched in SiO2 compared to average shales. This is 
because a major part of the silica is not associated with the aluminum bearing fraction; instead it 
originates from biogenic precursor material or detrital quartz. Given the premise that today's conditions 
are valid for past situations and considering the paleogeographical location of the Rhenohercynian Zone 
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in the Carboniferous, the oversaturation of silica might be explained by radiolarian origin. Radiolarians 
were identified by Braun and Schmidt-Effing (1993) in the Lower and Upper Alum Shale formations as 
well as some Viséan black shales. Stasiuk and Fowler (2004) differentiated five petrographic organic 
facies in early mature Mississippian shales. Such a differentiation is not possible our study area due to 
the high maturity of the investigated samples. However, the studied Alum Shale samples do not show 
stromatolitic microtextures, which would suggest shallow water conditions; thus, a restricted deep 
shelf/continental slope environment seems to be more likely. 
Figure 3-11 Si-Al-Ca plot after Brumsack (1988) with “average shale” - calcium carbonate mixing lines. 
3.6.2 Gas shale potential and comparison to US gas shales
As discussed by Jarvie et al. (2007) controls on the potential of a gas shale system include thickness and 
lateral extent, organic richness, porosity, and mineralogical composition, which greatly influences 
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fraccability. Furthermore, pore pressure and fluid types are other important factors. During increasing 
thermal maturation, conversion of kerogen to petroleum and finally dry gas results in the formation of a 
carbon-rich residue and secondary porosity, which impacts gas storage capacity. Porosity might increase 
within the dry-gas window (>1.4% VRr) by about 4 to 5 vol.% due to hydrocarbon generation and 
expulsion (Jarvie et al., 2007). 
All Carboniferous shales examined in this study are clearly within the gas window. The following 
discussion will, however, focus on Upper Alum Shale from the base Namurian (equiv. uppermost 
Mississippian), because this unit is a rather thick, continuous black shale of large lateral extent. 
In order to compare the results from this study to well-known gas shales from the USA, shales were 
selected for which published data was available. We selected specific data sets and are well aware that 
this data does not completely represent the respective shales; e.g. there are numerous publications on 
the Barnett Shale but we decided to base our comparison on data by Bowker (2003), Montgomery et al. 
(2005), Jarvie et al. (2007), Jenkins and Boyer (2008) and Bruner and Smosna (2011). The Barnett Shale is 
of Mississippian age and of marine origin (similar to the Upper Alum Shale). Organic matter from the 
Barnett Shale generates about 30% gas in the oil window from primary cracking based on laboratory 
experiments (Jarvie et al., 2003). 
The Woodford Shale occurs in the Lower Mississippian/Upper Devonian and is also of marine origin. 
Data from Abousleiman et al. (2008), Jarvie (2008), Higley (2011) and Kulkarni (2011) were used for this 
shale. The Devonian Marcellus Shale is also marine and contains a slightly greater admixture of 
terrestrial type III kerogen as compared to the shales mentioned above. Data for the Marcellus were 
taken from Bruner and Smosna (2011). Finally, the Namurian Tansley Shale from the UK (Spears and 
Amin, 1981) was also used for comparison. 
To compare the investigated samples of Upper Alum Shale from areas 1 and 4 to well-known gas shale 
plays, we pay attention to bulk mineralogy, average thickness and silica content for a selected sample 
set (Figs. 3-12 and 3-13). 
Figure 3-12 visualizes minimum and maximum values for specific minerals of the Mississippian Barnett 
Shale of the Fort Worth Basin (Texas), the Devonian Marcellus Shale of the Appalachian Basin Province 
(Bruner and Smosna, 2011), the Mississippian/uppermost Devonian Woodford Shale in the Delaware 
Basin (Texas; Jarvie, 2008) and the Namurian Tansley Shale (UK; Spears and Amin, 1981). 
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Quartz and clay contents are highly variable, between less than 10% and more than 60% in the US and 
UK black shales, compared to areas 1 and 4, where the values are much higher (average values: 40-46%), 
and feldspar contents are slightly higher for areas 1 and 4 than for the other shales. Except for a few 
samples, carbonate and pyrite contents are much lower and do not exceed 3%. The US and UK black 
shales have high pyrite contents, often more than 5% and as much as 13%, and carbonate contents are 
generally between 3% and 50%. 
Figure 3-12 Typical mineral composition of the Upper Alum Shale for a quartz rich and clay rich sample from 
areas 1 and 4, respectively (A) and for the Barnett, Marcellus, Woodford and Tansley Shales (B). For the US shales, 
typical shales low and high in quartz content were plotted according to Bruner and Smosna (2011) and 
Abousleiman et al. (2008). For the Tansley Shale from UK, the value of Spears and Amin (1981) for marine facies is 
plotted. 
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Low pyrite contents in the Upper Alum Shale cannot be explained by weathering, because pyrite 
appears fresh (not oxidized) in polished samples under the microscope. Weathering may have had an 
effect on samples from area 3, however. In samples from this area, total sulfur is clearly depleted and 
part of the pyrite appears to be oxidized. 
This brittleness of shales relates to its mineralogy. In terms of brittle minerals (i.e. the sum of quartz, 
carbonates and feldspars), the Barnett Shale shows an average of 65% and a clay content of 30%. 
Average compositions of the Upper Alum Shale are quite similar at 58% brittle minerals and 37% clay 
content for the Upper Alum Shale in Area 1 and 62% brittle mineral content and 34% clay in Area 4. 
Based on these observations, an artificial fracturing performance close to that of the Barnett shale 
would be possible, which, however, also depends on in situ stress. 
Jarvie et al. (2007) state that fault zones may act as valves for fracturing pressure losses. Unlike the 
Barnett shale, the Upper Alum Shale underwent heavy folding and faulting in the study area, which may 
impact fracturing. North of the outcrop areas, where the Upper Alum Shale is buried under younger 
sediments, folding and faulting is however, less important (Oncken et al., 2000) and there is less 
pressure loss. In the Muensterland region, even hydraulic overpressures are probably preserved at 
present resulting in a more favorable situation with respect to gas storage and gas production potential. 
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Figure 3-13 Star-Diagram: Geochemical assessment and corresponding data of black shales for areas 1 and 4 and 
well-known gas shale systems. Gray area represents latest oil window-wet gas window where commercial gas 
production can be achieved depending on hydrocarbon composition and depth (modified after Jarvie et al., 2007). 
Data for Barnett Shale adapted from Jarvie et al. (2007) and Bowker (2003); Woodford Shale from Jarvie (2008), 
Higley (2011) and Kulkarni (2011). 
3.6.3 Prospective areas 
In order to define prospective areas, comparison with an actively producing gas shale is probably 
helpful. The Barnett Shale is of similar age and lithology. It is the largest shale gas-producer in Texas, 
with more than 6,600 wells producing a combined 2.1 Bscf/D (Jenkins and Boyer, 2008). The gas storage 
capacity for the Barnett Shale shows values between 170 and 250 scf/ton at typical reservoir pressure, 
volume, and temperature conditions with a porosity of 6% (Bowker, 2007; Bruner and Smosna, 2011). 
Gas storage in the Barnett Shale is primarily as free gas (70-80% in interstitial pores and microfractures) 
with lesser but still significant amounts of adsorbed gas (Bruner and Smosna, 2011; Jenkins and Boyer, 
2008). Gas is derived from both thermogenic cracking of kerogen and from cracking of any retained oil in 
the shale (Jarvie et al., 2003; Montgomery et al., 2005). The Barnett Shale produces gas often at depths 
of 2000-2600 m with thickness values ranging from 15 m or less to more than 300 m across the basin 
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(Montgomery et al., 2005; Pollastro et al., 2003). The best Barnett Shale production comes from zones 
with 45% quartz and only 27% clay and where pore throats are typically less than 100 nm (Bowker, 
2003). Brittleness of the shale is key to stimulation, whereby a fracture network is created, providing 
linkage between the wellbore and the microporosity (average 6%). 
The Upper Alum Shale is similar to the Barnett Shale in terms of quartz and clay mineral content and 
thus, fraccability. Thickness and organic carbon content seem to be at the lower end of the values 
reported for the Barnett. Also microporosity and permeability are very low, but this has only been 
measured on one sample in our study; more data are needed on poroperm data, preferentially based on 
studies from wells. Maturity is in the thermal gas generation stage in all of the study areas; albeit, in 
some parts, vitrinite reflectance values even exceed 3%, indicating that these rocks may have reached 
temperatures of more than 250°C. Although methane is thermodynamically stable at these high 
temperatures, the risk of gas loss is significant and there is little evidence that gas shales work at 
maturities at greater 3% VRr. 
The risk of gas loss is a major factor for shale gas exploration in this area. A possible major gas loss could 
have occurred during the uplift in the course of the Variscan orogeny (about 300 million years ago). The 
subsequent uplift of several kilometers caused brittle deformation, which may have released much of 
the gas stored in the shales. The same mechanism also affected the Pennsylvanian coals in this area, 
which have been mined for centuries. These coals contain variable, but mostly high amounts of gas. Gas 
content in these coals seems to be related to the presence of a Cretaceous cap rock sequence with low 
permeability (Gaschnitz, 2000; Littke et al., 2012). 
The Upper Alum Shale is overlain by marine shales interlayered with poorly sorted greywackes 
(Kombrink, 2008). These thick rocks have the potential to retain much of the original gas from the Late 
Carboniferous deep burial in this sequence. In wells Isselburg and Versmold, north of area 3, fine-
grained rocks predominate. In well Schwalmtal, north of area 2, sandstones and greywackes are 
common just above the Upper Alum Shale, which inturn are overlain by thick shales. 
Any exploration will have to take place north of the outcrop areas, because present-day Mississippian 
strata are completely eroded south of the study's outcrops. Some of these areas, especially north of 
area 3, are heavily populated, which is partly related to the fact that this is a former major coal mining 
area in Germany. Furthermore, many mines exist and drilling through these Pennsylvanian rocks in the 
mining area might be a major challenge. Even though about 80-90% of the former cavities have been 
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filled by caving material, there might still be significant hollows in the Pennsylvanian, which could lead 
to a major loss of drilling fluids. 
Therefore, areas outside of the mining areas seem to be more suitable for gas exploration, which is the 
case in the eastern and in some locations in the western part of the study area, i.e. north of areas 4 and 
1. Nevertheless, other risk factors for these areas will also have to be taken into consideration, such as
those related to environmental concerns and the presence of groundwater protected areas in surface-
near layers. 
3.7 Conclusions 
Compared to conventional gas reservoirs, shale-gas reservoirs are characterized by greater 
heterogeneity, multiple gas-storage mechanisms, and unique attributes that control productivity 
(Jenkins and Boyer, 2008). The geochemical and mineralogical data provided here for the first time a 
comprehensive overview of Mississippian black shales in Western Europe, especially with respect to 
their petroleum generation potential. This augments previous studies of the depositional history of this 
sequence (Kombrink, 2008; Kombrink et al., 2010). All shale formations yield significant amounts of 
detrital quartz or biogenic silica, probably derived to a major extent from radiolarians, with variable 
contents of clay minerals, organic matter, and pyrite. 
The provenance of Tournaisian sedimentation in the studied intervals was dominated by silica-rich 
formations, such as the Lower Alum Shale. Terrestrial material was strongly weathered, leading to low 
feldspar contents characterized by the absence of anorthite. Changing bottom-water oxygenation stages 
are indicated by variable organic carbon/sulfur ratios. 
During the Viséan a carbonate platform evolved with very limited deposition of organic carbon in an 
overall oxic depositional environment. During the Namurian, clastic input into the basin increased again 
ending the carbonate platform development. This is related to the Variscan orogeny and uplift of 
mountain belts at a now active continental margin (Oncken et al., 2000). During the initial phase of the 
Namurian, black shales (Upper Alum Shale/Chokier Formation) were deposited at moderate to high 
sedimentation rates and under suboxic to anoxic bottom water conditions. 
Overlying Pennsylvanian rocks were deposited at even lower water depths, grading more and more into 
terrestrial conditions. At this time, conditions for the deposition of black shales rarely occurred due to 
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increasing terrestrial terrains and prevailing oxygenated bottom waters - and the only exception were 
transgressional phases (Suess et al., 2007). 
The Upper Alum Shale/Chokier Formation of Late Mississippian age is especially regarded as a potential 
target for shale gas exploration. In terms of mineralogy, organic carbon content, and thickness, it is 
similar to the Barnett Shale in Texas. Thermal gas generation mainly occurred at Late Pennsylvanian 
times, before the Variscan orogeny and subsequent uplift took place. Whether this early generated gas 
can be preserved in the shale depends to a great extent on the permeabilities of the overlying 
Pennsylvanian formations, especially the Lower Namurian. Retention of gas and also of overpressures is 
probably favored in the Muensterland Basin, where the Upper Alum Shale was not uplifted to the 
surface. 
More data on the petrophysical properties of these formations is regarded as one key factor in further 
exploration activities. In addition to permeability, porosity and sorption measurements within the gas 
shale are still lacking and regarded as an important future task. In terms of permeability measurements, 
the relation between clay content and absolute permeability is currently not fully understood. 
Therefore, extensive measurements on samples with different clay contents and clay-quartz ratios 
should be performed. 
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4 Paleozoic petroleum systems of the Münsterland Basin, 
western Germany: a 3D basin modeling study with special 
emphasis on unconventional gas resources 
KEY WORDS: Carboniferous, Mississippian, Pennsylvanian, black shale, gas shale, thermal maturity, 
burial history, basin modeling, 3-D modeling, adsorption capacity 
4.1 Abstract 
This study deals with the geological evolution of the Münsterland Basin, western Germany with special 
emphasis on the Carboniferous petroleum systems including their unconventional shale gas resources. 
In this area, the Carboniferous reaches a thickness of more than 5 km and contains several black shales 
and many bituminous coal seams which are targets for shale gas and CBM (coalbed methane) 
exploration. Various data sets revealed the present-day geometry and were evaluated, corrected and 
compiled in order to construct a 3D model (PetroMod® suite software) for this region, extending about 
152 km in east-west and 109 km in north-south direction. A large set of calibration data (mainly vitrinite 
reflectance, but also fission track data) was available as well but not homogeneously distributed, leading 
to varying degrees of uncertainty with respect to maturity of the Carboniferous. This study is the first 3D 
petroleum system study for this area and provides depth-, temperature-, and maturity maps for 
different stratigraphic units and for different time steps from the Carboniferous to the Recent. Based on 
maturity levels, petroleum generation stages, and knowledge on adsorption characteristics of specific 
source rocks, we also calculated quantities of adsorbed and free gas in these unconventional reservoirs 
in a fully integrated numerical petroleum systems model. 
4.2 Introduction 
In Germany, the Münsterland Basin is the southernmost part of the Central European Basin System 
(Littke et al., 2008; Uffmann and Littke, 2011). It extends from the Rhenish Massif in the south to the 
Lower Saxony Basin in the north; in the west it is bordered by the Lower Rhine Graben close to The 
Netherlands and in the East it is limited by the Egge Fault and the northernmost part of the Hessian 
Depression (Fig. 4-1). The Münsterland Basin is characterized by an Upper Cretaceous basin fill which is 
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separated by a major unconformity from folded Pennsylvanian and older Paleozoic sedimentary rocks, 
which contain the most important anthracite and hard coal reserves in Germany. We use here the term 
Münsterland Basin, although the Paleozoic section of this basin - especially in the southern part - is 
often called Ruhr Basin or Ruhr Coal Basin. 
The Paleozoic section of the Münsterland Basin is part of the external fold and thrust belt of the 
Variscan mountain belt in western Europe and more specifically of the Subvariscan foreland basin north 
of the Rhenohercynian Zone (RHZ, Oncken et al., 2000).The RHZ was positioned at the southern part of 
the Avalonian microcontinent from the Late Proterozoic until the Variscan orogeny in the Late Paleozoic 
(Franke, 2000). The Variscan orogeny during the Late Paleozoic was caused by collision of Eurasia and 
Gondwana continental masses (Ziegler, 1982), also affecting the much smaller continental fragment of 
Avalonia. The deformation front migrated northwards with time as documented by the northwestward 
shift of the flysch front with time (Engel and Franke, 1983; Franke and Engel, 1986). The northern margin 
of the Variscan deformation is not well defined, simply because crustal shortening ceases towards the 
north. Brix et al. (1988) concluded that the Münsterland Basin can be interpreted as an autochthonous 
foreland basin in front of a buried thrust front to the south. Also, he assumed that deformation was 
strongest southeastward, with a shortening of up to 50%, and decreases continuously towards the 
northwest to amounts of 5-10%. Results on the structure of deeper parts of the crust have been 
deduced from the DEKORP seismic line (Franke et al., 1990). The section clearly shows the decreasing 
intensity of folding towards the northwest. 
After a period of slow sedimentation and subsidence from the Late Permian until the Early Jurassic 
(Stollhofen et al., 2008), strong uplift occurred in the Late Jurassic and Early Cretaceous, when North 
Atlantic Rifting affected the Central European Basin System. At the same time, the Lower Saxony Basin 
(see Fig. 4-1) at the northern margin of the Münsterland Basin evolved with high subsidence and 
sedimentation rates there (Petmecky et al., 1999; Senglaub et al., 2005, 2006; Voigt et al., 2008). 
The Osning Fault (Fig. 4-1) separates the Lower Saxony Basin from the Münsterland Basin. North of this 
thrust, the Lower Saxony Basin was uplifted during the Late Cretaceous, whereas sedimentation 
resumed in the Münsterland Basin after global sea level rise and transgression during Albian times. 
During the Tertiary, faults were mainly affected by extensional movements. Starting in the Oligocene, 
the western margin of the study area was strongly controlled by sedimentation in the Lower Rhine 
Graben (see Fig. 4-1), where thick Tertiary sediments occur. 
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Figure 4-1 Upper left corner: Geology of Paleozoic surface in northwest Europe and location of study area 
(modified after Hartkopf-Fröder, 2005). Lower left corner: Main structural elements in the study area (map 
modified from Drozdzewski et al., 2009). Right: Topographic map of the study area. VDF: Variscan deformation 
front, MB: Münsterland Basin, RM: Rhenish Massif, LSB: Lower Saxony Basin, LH: Lippstadt High. 
Our study mainly deals with the Carboniferous which contains several black shales and numerous coal 
seams acting both as source for gas in conventional and unconventional gas reservoirs. The 
Mississippian (Lower Carboniferous) is a marine sequence containing shallow water carbonates and 
shaly, quartz-rich sediments possibly representing deeper water conditions. The Pennsylvanian (Upper 
Carboniferous) is a molasse-type sequence, with more than 5 km thick sediments of Namurian and 
Westphalian age. Marine influence ceases in the upper part of this Pennsylvanian section, which 
represents a tropical, paralic realm (e.g. Suess et al., 2007). The uppermost part of the Pennsylvanian 
contains some red-colored siliciclastic rocks witnessing arid climate conditions, probably related to the 
northward drift of the Laurasian continent. In these sediments, coal seam and dispersed organic matter 
content is decreasing whereas the content is at about 5% in the rest of the coal-bearing Pennsylvanian 
(Scheidt and Littke, 1989). The coals are gas-rich, which is well known from mining operations both at 
the southern and northern margin of the Münsterland Basin. Much less is known about the black shales 
occurring in the Mississippian, which have not been considered economically interesting targets in the 
past due to their high thermal maturity. The high maturity has exhausted all oil potential, but some of 
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these shales are still within the gas window. These shales dip northward, cropping out in the southern 
part of the study area. Information on the geochemistry and mineral content of the Mississippian black 
shales, especially the Upper Alum Shale, are summarized in Uffmann et al. (2012). Thus, the 
Carboniferous is a very thick and organic-rich sedimentary sequence in the Münsterland Basin, having a 
high potential for coal and gas exploration and production. 
In terms of tectonic style, the basin is characterized by southwest-northeast trending syn- and anticlines 
related to the compressive regime during the Late Pennsylvanian (Brix et al., 1988; Drozdzewski and 
Wrede, 1994) which was caused by continental plate collision along the “Mid-German Crystalline Rise” 
more than 100 km further south (Oncken et al., 2000). In the south of the Münsterland Basin where the 
Carboniferous crops out at the surface along the transition to the Rhenish Massif (Figs. 4-1, 4-2) crustal 
shortening is much more intense than in the north, where broad synclines and narrow anticlines 
characterize the structural style. Pennsylvanian sediments also crop out at the surface in three small 
areas in the northwest (Piesberg, Ibbenbüren, Hüggel) close to the city of Osnabrück (see Fig. 4-2). 
Concerning the thermal history, strong magmatism occurred during initial rifting in the Devonian at 
about 370-380 Ma (Kramm and Buhl, 1985; Goffette et al., 1991; Fielitz and Mansy, 1999). Further 
magmatism occurred along the northern and western margin of the Münsterland area as indicated by 
plutonic bodies dated as 322+-15 and 290 +-16 Ma (NITG-TNO, 2000 and references therein). Within the 
Carboniferous sequence of the Münsterland Basin, volcanic ash layers are present both in the 
Mississippian and within the Pennsylvanian, indicating active volcanism at some distance from the basin 
and possibly elevated heat flows also within the basin. However, no major plutonic body, dike or sill has 
ever been mined or drilled or observed in outcrops. 
In the Rhenish Massif, rocks were affected by high grade diagenesis and low grade metamorphism. The 
age of metamorphism was estimated to propagate northward from 328 to 305 Ma (Ahrendt et al., 1983; 
Hess and Lippold, 1994). The youngest ages are valid for the southern part of our study area and 
metamorphic ages for the Münsterland Basin will probably be slightly younger. In general, apatite fission 
track ages confirm a strong heating at or before 290 Ma (Karg et al., 2005) leading to total annealing. 
Paleomagnetic ages for the metamorphic units in the east were dated into the Pennsylvanian and 
Permian (Pucher and Fromm, 1982). 
After this phase of high temperatures during the latest Pennsylvanian/earliest Permian, the upper part 
of the Paleozoic sequence remained in a lower temperature regime with temperatures in the range of 
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about 60 to 120°C suggested for Mesozoic times (apatite partial annealing zone) which might 
correspond to moderate reburial during the Triassic/Jurassic (Karg et al., 2005). 
Further information on the temperature field during maximum burial is derived from vitrinite 
reflectance data (Drozdzewski et al., 2009; Juch, 1991) or vitrinite reflectance and/or fission track data 
combined with numerical basin modeling (Littke et al., 1994, 2000; Büker et al., 1995; Karg et al., 2005). 
Vitrinite reflectance increase with depth is typical of “normal” burial, and no exceptionally high 
gradients were observed which would indicate strong magmatic or hydrothermal heating. The same 
holds true for the northern rim of the study area which extends into the Lower Saxony Basin (Petmecky 
et al., 1999; Senglaub et al., 2006; Muñoz et al., 2007). From the studies within the Münsterland Basin 
and northern Rhenish Massif, it can be inferred that maximum burial and hence thermal maturation 
occurred at the end of Pennsylvanian times. 
Whereas the above studies provide important quantitative data on burial and thermal history for 
specific wells, no detailed 3D study has ever been performed. The present paper provides for the first 
time such a 3D model and allows creating maps of burial depth, temperature, and maturity for different 
stratigraphic layers and different time steps. Furthermore, for the first time calculations are provided for 
adsorption capacities for one gas shale, namely the Upper Alum Shale (Hangende Alaunschiefer). 
4.3 Methods and 3D-Model Input 
4.3.1 General Basin Modeling Approach 
Numerical modeling was performed using PetroMod suite software version 2012.1 of IES Schlumberger. 
The principles of the modeling procedure have been summarized recently by Littke et al. (2008) and 
Hantschel and Kauerauf (2009). Basically the sedimentary evolution is subdivided into a series of events 
with exact time boundaries, including sedimentation events, non-deposition (=hiatus) events, and 
erosion events. For each event, thermal boundary conditions must be defined as well as a specific 
lithology for each stratigraphic unit. Thermal boundary conditions include heat flow (at the base of the 
sedimentary sequence) as well as temperatures at the sediment-water interface. The latter are 
calculated based on paleo water depth and paleo-latitude (Wygrala, 1989; Bachmann et al., 2008). From 
the lithologies, intra-sedimentary heat production is calculated based on average contents of U, Th, and 
40K. The major lithologies and their respective petrophysical properties are summarized in Table 4-1. 
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Calibration of the models was based on comparison of model-calculated and measured vitrinite 
reflectance data for numerous wells which, however, are not evenly distributed in the study area. Most 
information is available in the southwest, where active coal mining has taken place for centuries. In the 
other areas, uncertainty is much greater due to a more limited database. Calculation of vitrinite 
reflectance is based on the Easy%Ro algorithm published by Sweeney and Burnham (1990) and the 
temperature history derived from the model. Furthermore, few borehole temperature data were also 
available to calibrate present-day heat flow. 
4.3.2 Thickness of Stratigraphic Layers 
Stratigraphic information as well as thickness information on Upper Permian, Meso- and Cenozoic units 
is based on a compilation by BGR (German Geological Survey: Geotectonic Atlas, Baldschuhn et al., 
1996) with a horizontal resolution of 500 m x 500 m. Furthermore, we used thickness maps for the 
Zechstein Carbonates and Rotliegend (Lower Permian succession) from Maystrenko et al. (2010). 
Additionally, the model contains thickness maps on the Pennsylvanian, which were constructed based 
on other publications (Brückner-Röhling et al., 1994; see also Uffmann et al., 2010). 
In addition to this data set, we took advantage of a very detailed mapping performed by the Geological 
Survey of North Rhine-Westphalia, Krefeld covering a major part of the study area (see Juch et al., 1994). 
For our model, we lowered a high resolution data set to 500 m x 500 m. All maps and data sets 
mentioned above rely on seismic and well data, mining information as well as outcrop studies. 
However, there are some disagreements between the two basic data sets used. In the central part of the 
study area, the base of the Cretaceous directly overlies the Carboniferous. Nevertheless, there is a 
frequent overlap between the base Cretaceous taken from the BGR map and the top Carboniferous 
taken from the Geological Survey of North Rhine-Westphalia; at other places there are gaps. In most of 
the area, these inconsistencies are in a range of several tens of meters, but they can exceed 100 m at 
some places, especially in the east, where not much drilling and mining information is available. 
Therefore, we used the top Carboniferous and base Cretaceous as reference maps. In case of gaps, we 
filled the “hole” in the model by additional Cretaceous sediments and in case of overlap, we subtracted 
the surplus thickness from the Cretaceous. At the rims of the basin, where older Mesozoic units are 
present, we did the same for the Lower Triassic (Buntsandstein) adding and subtracting thickness from 
this unit. 
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The model represents an area of 109 km (length) by 152 km (width) with a horizontal resolution of 500 
m x 500 m (218 x 304 cells). It covers the whole Münsterland Basin and comprises important tectonic 
elements including the Variscan front with important faults in the Carboniferous as well as the Osning 
Fault Zone in the northwest (Fig. 4-1). 
The model includes 22 layers from the base of Devonian to the present-day surface. The thicknesses of 
the Dinantian, Devonian and Pre-Devonian (Basement) units which have hardly been reached by drilling 
operations, but crop out in the south, could only be roughly estimated; for these units a uniform 
thickness was applied to keep the model as simple as possible. The Westphalian and Namurian thickness 
distribution are described in the following. 
Just three wells completely penetrated the Namurian and reached the Devonian in the study area 
(Münsterland 1, Versmold 1 and Isselburg 3, for location see Fig. 4-1). Also the data set of the Geological 
survey did not include thickness data of the Namurian. For that reason we adopted the compilation by 
Brückner-Röhling et al. (1994), but changed this data set, where discrepancies to well data occurred. The 
maximum thickness is assumed to occur in the east with 3 km of sediments about 30 km southeast of 
the city of Münster (Fig. 4-1) and decreases in the south and southeast to zero, where strong Variscan 
uplift led to complete erosion of the Pennsylvanian including the Namurian (Rhenish Massif, Lippstadt 
High). In westward direction from the area of maximum thickness, 1.7 km of Namurian has been 
recorded for well Münsterland 1. Little is known about the area east of the Lippstadt High. 
At the base of the Namurian we defined a 30 m thick black shale layer, which corresponds roughly with 
the stratigraphic position of the Upper Alum Shale. This black shale likely acts as a shale gas reservoir in 
the Münsterland Basin and adjacent areas. Time-equivalent strata to the Upper Alum Shale Formation of 
Germany are known as the Bowland and Edale Shale Formations in Great Britain, the Souvré and 
Chokier Formations of Belgium, the Epen Formation with the Geverik Member in The Netherlands and 
the Kulm Formation in Poland (Kombrink, 2008). Also, the Barnett Shale in the US is a time equivalent 
and was deposited under very similar paleo-environmental conditions (Uffmann et al., 2012). 
Westphalian sediments reach a maximum thickness of 3.2 km some kilometers northeast of well 
Coesfeld S1. Thickness ranges between 2.0 and 2.8 km in the major synclines (Fig. 4-2B), and is lower in 
the anticlines and outcrop areas in the south, where strong erosion occurred. 
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Figure 4-2 A: Depth map and distribution of the top Namurian. B: Thickness map of the Westphalian succession. 
Stephanian sediments are common in the German North Sea sector but touch the study area just in the 
northwest (southernmost part of the Ems Low) with a maximum thickness of about 100 m. Equally, 
Lower Permian (Rotliegend) sediments are not widespread and reach a maximum thickness of 100 m in 
the northeastern corner of the study area. The uppermost Permian Zechstein Formation reaches 
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thicknesses of several hundred meters at the basin margins, especially at the southeastern margin of the 
study area and in the Lower Saxony Basin. 
Maps for the Cretaceous were adopted from BGR (Baldschuhn et al., 1996; see above), but were 
modified after Rudolph (2006) in the southwest and by data of our own investigations. The basin fill is 
approximately 1-1.5 km thick in the central Münsterland region increasing to the north (up to 2.4 km). 
4.3.3 Lithology and Facies, Petrophysical Properties and Boundary Conditions 
Petroleum system models are always based on temperature and fluid flow reconstructions which in turn 
depend on petrophysical properties. For example, temperature distribution depends on heat 
conductivity and fluid flow on permeability, both these parameters being highly variable in sedimentary 
rocks. Because direct measurements of petrophysical parameters are rare within a given sedimentary 
basin, they are usually derived from default values typical for specific lithologies. Therefore, a good 
conversion of real facies into model lithology is one of the most important tasks in basin modeling. 
However, it should be noted that the entire heterogeneity of the real basin lithology can hardly be 
translated into a numerical model, especially in case of 3D models. 
The oldest sedimentary layer considered in the model is the Upper Devonian. The model also 
incorporates a pre-Mid Devonian Basement with a uniform thickness of 1000 m. This basement is 
defined as a pre-consolidated unit (not compacting any more). However, it should be noted that in 
reality Early Devonian and older clastics are expected in the deep subsurface. For the Mid-Upper 
Devonian and for the Mississippian (Tournaisian and Viséan), a uniform thickness of 1000 m and 500 m, 
respectively, was applied and lithologies are described in Table 4-1. All these deep units are only known 
from few wells and from the outcrop area in the Rhenish Massif (Fig. 4-1). They are also no major 
targets for (unconventional) fossil fuel exploration; therefore we treated them in a simplified manner 
both with respect to lithology and thickness. 
Carboniferous times were characterized by alternating marine, fluvial, deltaic and lacustrine 
sedimentation and the continued northward drift of Laurasia at low latitudes (Ziegler, 1990). 
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Table 4-1 Age assignment and lithological properties for the main litholgies used for modeling. For depositional 
ages, the time scale of the International Commission on Stratigraphy (2008) was used. 
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The Mississippian/Pennsylvanian border marks an important change of depositional environment. 
Instead of marine sedimentation, terrestrial conditions started to prevail, with the deposition of 
abundant tropical peat mires (Littke and ten Haven, 1989; Jasper et al., 2010). Nevertheless, marine 
ingressions led to several black shale depositional cycles, typically occurring above coal seams. By the 
Late Namurian, subsidence in the Rhenohercynian foreland basin was overcompensated by the clastic 
input. Sedimentation continued in the paralic environment of the coal-bearing Pennsylvanian of the 
Ruhr district (Namurian C to Westphalian D). 
Not only physical parameters such as porosity and permeability, which characterize the individual 
lithologies present in the basin, have been assigned to the strata in the model, but also source rock 
characteristics for the Mississippian Upper Alum Shale. Here an initial HI of 500 mg hc/g total organic 
carbon (TOC) and a TOC of 6% was attributed to this black shale lithology. 
Thickness of the Upper Alum Shale varies from 10 to 110 m (Uffmann et al., 2012), but was unified to 30 
m for modeling purposes. This was necessary, because thickness information is sparse and basically only 
exists for the outcrop area in the south and for few wells in the center of the basin (Münsterland 1) and 
at its margins (Geverik1, Schwalmtal). Calculation of generated gas from the Upper Alum Shale was 
based on the ”Toarcian_ParisBasin_TII_4C_Crack ”-kinetic for type II kerogen following the phase 
kinetics approach of di Primio and Horsfield (2006). Type II kerogen was selected, because the Upper 
Alum Shale is of marine origin. Terrigenous particles as typical for type III kerogen are rare, whereas a 
network of solid bitumen predominates which is derived from intense petroleum generation and 
cracking. This feature is characteristic of overmature shales derived from hydrogen-rich kerogen, i.e. 
type II or type I kerogen. Due to the fact that type I kerogens are usually derived from lacustrine rather 
than marine deposition, we selected type II kerogen here. 
Calculation of the adsorption capacity of gas shales is integrated in the PetroMod simulation software. 
For this purpose the software requires information on the present-day adsorption capacity, which is 
done by defining one reference adsorption isotherm typical of the lithology of interest. Following the 
Langmuir adsorption approach input parameters are the Langmuir pressure (PL), Langmuir volume (VL), 
the respective temperature (T0), which is the reference temperature (here: 65°C). More information on 
the experimental approach used here is published in Gasparik et al. (2013). Assuming an appropriate 
desorption energy a conversion to other temperatures is done. Accordingly, adsorption capacities may 
be calculated for varying pressures and temperatures throughout the burial history. Within the 
PetroMod software, an adsorption adjustment factor has to be defined which was set here as 100. This 
77 
implies that 100 % of the kerogen present in the shale is effectively adsorbing methane. A lower factor 
would lead to lower contents of adsorbed gas in the model. 
For reconstruction of the thermal history and therefore for the modeling maturation and petroleum 
generation within the source rocks, we defined different heat flow trends for different areas (Fig. 4-3) 
which are derived from analysis of vitrinite reflectance, illite crystallinity, fluid inclusion homogenization 
temperature, bottom hole temperature, apatite fission track age and other temperature-related 
indicators (see PhD theses of Büker, 1996 and Karg, 1998, and references therein). Furthermore, the 
Sediment Water Interface Temperature was calculated after Wygrala (1989) for the investigated area 
(Fig. 4-3). 
Figure 4-3 Heat flow through time for different areas (see Fig. 4-1) as well as general trend for temperatures at 
the sediment-water interface. 
Present-day heat flow is mainly based on information from bottom hole temperatures of numerous 
wells within this area. Heat flow in the latest Pennsylvanian and earliest Permian is based on maturation 
of organic matter reflecting times of maximum paleo-temperatures (vitrinite reflectance). Results are 
similar to those published in Littke et al. (1994) and Büker et al. (1995), but basal heat flows during the 
Carboniferous are now slightly lower, because radioactive heat production within the sedimentary rocks 
is now taken into account by the software. Furthermore, a moderate heat flow peak was assumed for 
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the times of intense volcanic activity during the Early Permian, but we selected a lower heat flow as 
compared to the areas of the Pompeckj Swell and the Lower Saxony Basin further north (Bruns et al., 
2013) the latter areas being regionally closer to the volcanic activity. For the Mesozoic and Cenozoic, 
only information on sedimentary thickness from surrounding basins, basin modeling in adjacent basins, 
and fission track data from a few wells and outcrop areas provided some evidence. Therefore a rather 
simple, uniform heat flow trend was chosen for Mesozoic and Cenozoic times. Indications of very high 
heat flows related to magmatic activity are indeed not known, but there is some evidence for 
hydrothermal activity, especially along the northern margin of the Münsterland Basin (Lüders et al., 
1993; Muñoz et al., 2007). 
4.4 Results and Discussion 
Calibration of thermal and burial history models was carried out mainly on the base of vitrinite 
reflectance data as compared to calculated vitrinite reflectance-depth trends. As example for the 
calibration procedure and to demonstrate sensitivity of model results to changing input data, different 
scenarios were developed for well Münsterland 1 which are displayed in Figure 4-4. Originally, a best fit 
model was achieved assuming the heat flow trend described in Figure 4-3 for the central part of the 
Münsterland Basin and a thickness of now eroded sediments of 2900 m (Fig. 4-4A) which were removed 
during Varician orogeny, i.e. at the end of the Pennsylvanian.  
Variable amounts of eroded thickness were tested here with the same heat flow trend (Fig. 4-4A). In an 
alternative scenario, heat flow was kept constant at 60 mW/m2 and varying eroded thicknesses were 
tested as well. In this case, an optimum fit between calculated and measured vitrinite reflectance 
cannot be achieved; the best possible calibration requires a thickness of eroded rocks of 3500 m (Fig. 4-
4B). In the third scenario, the erosion from the best fit model (2900 m) was kept constant and heat flow 
were varied, but under the assumption of constant heat flow through time. Here a reasonable fit was 
achieved with a constant heat flow of 70 mW/m2 (Fig. 4-4C) resulting, however, in far too high present-
day temperatures. It should be noted that eroded thicknesses for these 1D models are a bit higher than 
in the 3D model, based on a lateral interaction of the cells during 3D simulation. 
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Figure 4-4 Vitrinite reflectance-depth plot for well Münsterland 1. Measured vitrinite reflectance data (crosses) 
and calibration curves (lines) calculated for A: different eroded thicknesses with a heat flow history displayed in 
Fig. 3 for the Münsterland area; B: different eroded thicknesses with a constant heat flow of 60 mW/m2 and C: 
different constant heat flows with a consistent eroded thickness of 2900 m. 
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4.4.1 Erosion and Depth Maps 
In consequence of the global and regional tectonic processes affecting the study area, basin evolution in 
the Münsterland Basin can be subdivided into three major phases of sedimentation and three time 
periods of erosion or non-deposition which have been assigned to the model. 
1. Devonian and Carboniferous sedimentation;
2. Erosion of Paleozoic rocks in the latest Pennsylvanian/Early Permian (Variscan Phase);
3. Sedimentation from the latest Permian until the Late Jurassic;
4. Late Jurassic/Early Cretaceous uplift with erosion of primarily Mesozoic units in the Münsterland
Basin (Kimmerian Phase); at the same time strong subsidence and sedimentation in the Lower
Saxony Basin;
5. Late Cretaceous sedimentation (starting in the Albian) in the Münsterland Basin; at the same
time inversion with strong erosion in the Lower Saxony Basin;
6. Uplift and slow erosion or non-deposition (hiatus) during the Tertiary; at the same time strong
sedimentation in the Lower Rhine Graben.
Clearly, periods of sedimentation were also interrupted by further, minor phases of erosion or non-
deposition which were, however, not considered in the model. 
In most of the Münsterland Basin, the Carboniferous succession is severely affected by erosion of more 
than 2000 m (Littke et al., 1994; Büker et al., 1995). Furthermore, it is well known from these earlier 
studies that deepest burial and highest temperatures of Paleozoic rocks occurred in the Pennsylvanian 
and that Mesozoic re-burial did not lead to the same high temperatures. Based on this information, it is 
evident that most of the Carboniferous erosion has to be attributed to the Variscan Phase, but some 
additional Kimmerian or Tertiary erosion cannot be ruled out. For our model we assumed that all 
erosion of Carboniferous (and older) rocks occurred during the Variscan uplift, whereas all erosion of 
Permian to Jurassic rocks was attributed to the Kimmerian Phase. For the Tertiary, non-deposition was 
assumed, although some erosion of Cretaceous units will have occurred. Thus, the model has the 
tendency to overestimate the Variscan and underestimate the Kimmerian and Tertiary erosion. Pressure 
and temperature effects due to ice covering the basin during glacial stages were not considered. It is 
known that Quaternary glaciers reached the Münsterland area, but the ice thickness was probably low. 
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Figure 4-5 Erosional thickness map for the Westphalian and Namurian succession (including older stratigraphic 
stages in the Rhenish Massif and Lippstadt High: Lower Carboniferous and Devonian). 
Variscan erosion in the Münsterland region was underestimated in Uffmann and Littke (2011). Based on 
maps on initial thickness of the Pennsylvanian (Drozdzewski and Wrede, 1994; Krull, 2005) and on 
maturity information, which provides information on eroded thickness (Drozdzewski et al., 2009; Littke 
et al., 1994; Büker et al., 1995; Karg, 1998), an erosion map for the Westphalian and Namurian 
(including older stratigraphic successions in the Rhenish Massif: Mississippian and Devonian) was 
created (Fig. 4-5) and assigned to the model. In the model, erosion starts in the lowermost Permian at 
295 Ma and takes 26 Ma. This is clearly a simplification which has, however, little effect on the modeling 
results with respect to maturation and generation of hydrocarbons. During the Kimmerian erosion phase 
almost 1200 m of Mesozoic sediments were eroded in the study area between 137 and 112 Ma 
according to the model (Fig. 4-6). The erosional amount is derived from increased temperatures during 
the Mesozoic based on apatite fission track data (described in Büker 1996 and Karg 1998) as a result of 
additional overburden. Additional evidence is derived from thickness of Triassic and Jurassic 
sedimentary rocks in areas adjacent to the Münsterland Basin. 
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Figure 4-6 Erosional thickness map for the Kimmerian (Late Jurassic/Early Cretaceous) erosion phase as used for 
the simulation (see text for explanation and discussion). 
In the Lower Saxony Basin the major erosion phase took place during the Upper Cretaceous (Voigt et al., 
2008), when up to 6 km of sediments - mainly lower Cretaceous/Upper Jurassic sediments - were 
eroded. Total erosion rates and resultant maturities in the Lower Saxony Basin have recently been 
quantified by Bruns et al. (2013). 
4.4.2 Burial, thermal and maturation history of Pennsylvanian and Mississippian sediments 
The sediment thickness and erosion maps allowed the reconstruction of burial history through time for 
the entire study area. Therefore the thermal and maturity history of all sedimentary units involved in 
this study can be displayed as an outcome of the modeling. In the following some of these results will be 
described. Results are shown for three different time steps: late Pennsylvanian prior to Variscan Uplift 
(316/300 Ma), the Late Jurassic prior to Kimmerian Uplift (137 Ma) and present-day and results will be 
discussed for the top Westphalian B, representing the younger, coal-bearing sequence of the 
Pennsylvanian and the top of the Upper Alum Shale, representing the older and deeper marine facies of 
the Mississippian. 
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Figure 4-7 Results of modeling for the top of the Upper Alum Shale at 316 Ma. A: Depth map, B: Temperature 
map, C: Maturity map. Where this layer does not exist, data of the older strata (Lower Carboniferous, Devonian) 
is displayed (Lippstadt High and northern Rhenish Massif, identified by black solid lines). 
At 316 Ma, high sedimentation rates already in the Namurian brought the top of the Upper Alum Shale 
to depths of more than 6 km in the east and southeast of the study area. In the main Münsterland area 
the top was between 2.7 to 3.7 km deep (Fig. 4-7A). Maximum temperatures of 300°C were reached 
north of the city Paderborn, whereas temperatures between 150 and 180°C occurred towards the west 
(Fig. 4-7B) with slightly higher temperatures in the depocenter of the Namurian succession (30 km 
southeast of the city Münster; see Uffmann et al. 2010 for thickness maps of the Namurian) with up to 
200°C (Fig. 4-7B). These high temperatures caused an early maturation with calculated vitrinite 
reflectance between 1 and 2% in most of the Münsterland area (up to 4.6% in the east, see Fig. 4-7C). 
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Figure 4-8 Results of modeling for the top of the Upper Alum Shale at 300 Ma (late Carboniferous prior to 
Variscan Uplift). A: Depth map, B: Temperature map, C: Maturity map. Note: In the model one uplift phase was 
assumed for the entire study area, whereas Variscan uplift started slightly earlier in the south than in the north in 
reality. 
With sedimentation of the Westphalian strata, the whole area was affected by strong subsidence. The 
top of the Upper Alum Shale was buried to a depth of up to 10 km (Fig. 4-8A). Therefore the complete 
succession of the lowest Namurian, including the Upper Alum Shale, achieved at this time (300 Ma) 
highest temperatures between 250 and 370°C (maximum temperatures of more than 400°C north of the 
city Paderborn, see Fig. 4-8B) leading to high maturities all over the study area (>4%). The only 
exceptions are some areas in the northwest and in the northernmost part of the Rhenish Massif with 
slightly lower vitrinite reflectance between 2-3% (Fig. 4-8C). 
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Figure 4-9 Results of modeling for the top of the Upper Alum Shale at 137 Ma (Mid Jurassic prior to Kimmerian 
Uplift). A: Depth map, B: Temperature map, C: Maturity map. 
After erosion of large volumes of sedimentary rocks during the Permian, the top of the Upper Alum 
Shale was buried a second time, when sedimentation of Mesozoic rocks took place in the whole study 
area (137 Ma, Fig. 4-9A). The sedimentary rocks were, however, not exposed to the same high 
temperatures as in the latest Pennsylvanian. Nevertheless, 200-290°C were reached during the Late 
Jurassic/Early Cretaceous (Fig. 4-9B). This moderate re-burial led to a further maturation of the Upper 
Alum Shale in some parts of the northern study area. During that time strong subsidence occurred in the 
Lower Saxony Basin leading to high temperatures (Fig. 4-9B, C). The respective increase in maturity is 
not well visible in Fig. 4-9C, because the maximum calculated vitrinite reflectance (4.65%) has already 
been reached during the Paleozoic (see Fig. 4-8C). This pre-Variscan deep burial has led to vitrinite 
reflectance data above 4.6%; it should be noted, however, that the kinetics of Sweeney and Burnham 
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 (1990) used for maturity calculations in the numerical modeling, allows calculations only up to 4.6% VRr. 
This is also valid for other stratigraphic units and time steps. 
Today the top of the Upper Alum Shale is situated between 1.5 and 3.5 km depth east of the Lippstadt 
High and between 2.5 and more than 6 km in the western study area (see Fig. 4-10A). In the Ruhr district 
the top is buried between 3 km (in the south and in the anticlines, e.g. the “Gelsenkirchen Anticline”) 
and up to 6.8 km in the northern part and the synclines (e.g. Lüdinghausen Syncline, Raesfeld Syncline). 
In the northern study area, the top of the Upper Alum Shale is usually deeply buried, e.g. between 6.8 
and 8 km around the city Rheine. In the Lower Saxony Basin the Upper Alum Shale layer is situated at a 
depth of around 9.5 km around the city Minden (Fig. 4-10A) even deeper than in the Münsterland Basin. 
Present day temperatures are very low directly north of the Rhenish Massif and around the Lippstadt 
High, where the Upper Alum shale is partly exposed at the surface. In the Münsterland Basin, 
temperatures vary between 150 and 250°C (slightly lower in the southern parts, e.g. around the city 
Dortmund). In the Lower Saxony Basin, temperatures increase to the north to more than 300°C (Fig. 4-
10B). Present-day maturity does not differ from that already reached during the Mesozoic (Fig. 4-9C). 
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Figure 4-10 Results of modeling for the top of the Upper Alum Shale at Present day. A: Depth map, B: 
Temperature map. 
The Westphalian succession was also affected by high Pennsylvanian sedimentation rates and later uplift 
due to the Variscan phase. Deepest burial occurred at 300 Ma, when the top of the Westphalian B 
reached a depth of up to 6 km (southeast of Dortmund towards northeast to the city Bielefeld, Fig. 4-
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11A). Clearly, the top of the Westphalian never reached such high temperatures as the Upper Alum 
Shale. When the Variscan uplift was completed in the Permian (269 Ma), the present-day maturity 
pattern was almost reached (see Fig. 4-11B). 
Figure 4-11 Results of modeling for the top of the Westphalian B at 300 Ma (late Carboniferous prior to Variscan 
Uplift). A: Depth map, B: Maturity map. Where this layer not exists, data of the older strata (Namurian, Lower 
Carboniferous, Devonian) is displayed (Lippstadt High and northern Rhenish Massif, identified by black solid lines). 
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With the sedimentation of Mesozoic units, the Upper Pennsylvanian was buried once more leading to 
elevated temperatures which, however, did not reach those during the Late Pennsylvanian/Early 
Permian and thus hardly influenced the maturity pattern. In contrast, thick Mesozoic sedimentary 
sequences led to high temperatures and thus to a strong maturation in the Lower Saxony Basin (Fig. 4-
12B, C). 
Figure 4-12 Results of modeling for the top of the Westphalian B at 137 Ma (Mid Jurassic prior to Kimmerian 
Uplift). A: Depth map, B: Temperature map, C: Maturity map. 
Ongoing sedimentation during the Early Cretaceous caused maximum burial depth and thus highest 
temperatures (Fig. 4-13B1) and further maturation in the Lower Saxony Basin (cp. Bruns et al., 2013, Fig. 
4-13). The Münsterland area was inverted during this period and sedimentation only resumed during 
the late Early Cretaceous and Late Cretaceous. This may have slightly advanced maturation in the north 
of the Münsterland Basin, but not by more than 0.2-0.4%. Only in the most northern part of the 
90 
Münsterland, where also thick Lower Cretaceous sediments occur, the maturation increase about 1.9% 
(Fig. 4-13C). 
The depth of the top Westphalian B ranges today from 1.5 km close to the city of Münster to almost 0 
km at the southern rim, where Upper Pennsylvanian rocks crop out at the surface. Towards the north 
the top of Westphalian B reaches a depth of almost 3.8 km. In the northeastern part of the Lower 
Saxony Basin, the top is buried to a depth between 2.5 and 5.2 km (Fig. 4-13A). 
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Figure 4-13 Results of modeling for the top of the Westphalian B at Present day. A: Depth map, B1: Temperature 
map at 87 Ma, B2: Temperature map at 0 Ma, C: Maturity map. 
4.4.3 Gas Generation and Adsorption 
In conventional gas reservoirs, almost all gas occurs in the pore space between minerals. In contrast, in 
coals most methane is adsorbed on organic matter having a large surface area per volume. Gas shales 
are mixed systems, having variable amounts of both free and adsorbed gas (Littke et al., 2011). 
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Predictions on quantities of gas in shales are regarded as one key element in exploration. Therefore 
adsorption parameters were determined as specified in Table 4-2 for two shales, namely the 
Mississippian Upper Alum Shale and the Toarcian Posidonia Shale (Gasparik et al., 2013). The latter is 
eroded in the Münsterland Basin, but “represents the major source bed for many oil fields in Central and 
Western Europe” (Leythaeuser et al., 1988) including the Lower Saxony Basin. Adsorption capacities for 
both shales were calculated based on high-pressure and high-temperature methane adsorption 
isotherms (Gasparik et al., 2013, cf. Table 4-2). In general the adsorption enthalpy depends on kerogen 
type, thermal maturity, and amount of pre-adsorbed water (Busch and Gensterblum, 2011; 
Gensterblum et al., 2013). The average adsorption enthalpy (or desorption energy) has been determined 
for different shales as 18 kJ/mol (4 kcal/mol) (Gasparik et al., 2013; Zhang et al., 2012; Rexer et al., 
2013). 
Table 4-2 Methane adsorption parameters for a low mature Posidonia Shale and mature Upper Alum Shale 
(Gasparik et al., 2013). 
Figure 4-14 provides some general background on calculation of adsorbed gas in shales, which is 
important to understand the results displayed on the PetroMod maps discussed below. The amount of 
adsorbed gas depends on pressure and temperature evolution (Hildenbrand et al., 2006; Gensterblum et 
al., 2013). For a sample of the Upper Alum Shale (VRr 4.2%) and of the Posidonia Shale (VRr 0.9%), the 
adsorption capacity with depth at a geothermal gradient of 30°C/km and a hydrostatic gradient of 10 
MPa/km was calculated (Fig. 4-14A). The Upper Alum Shale shows a maximum adsorption capacity of 
2.4 m3/t (standard cubic meters/ton calculated for gas at 1013.25 hPa surface pressure and 20°C surface 
temperature) at a depth of 500 m which is close to the maximum adsorption capacity of 2.9 m3/t 
measured in the laboratory. In contrast, the Posidonia Shale has a lower adsorption capacity under 
subsurface conditions (Fig. 4-14A), because very high pressures (at low temperatures) would be required 
to reach maximum adsorption capacity (Table 4-2). This situation is much less favorable than for the 
Upper Alum Shale. However, it should be noted that higher adsorption capacities and lower Langmuir 
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pressures result for more mature Posidonia Shale (1.45% VRr; Gasparik et al., 2013) leading to much 
better rock properties for shale gas production. 
Figure 4-14A also shows a comparison of adsorption capacity as calculated based on our experiments 
and as calculated by PetroMod. The implementation of adsorption in PetroMod is based on the 
Langmuir model which describes the "absolute adsorption" (Fig. 4-14A). At high pressures (>10MPa) the 
absolute adsorption deviates significantly from the "excess adsorption" which is the quantity measured 
in the experiment (Fig. 4-14A, Table 4-2). Therefore, the capacities calculated by PetroMod are at the 
upper end of what can be expected to occur in the rocks. At high pressures, these values deviate which 
is mainly due to the unknown density of the adsorbed phase for such conditions (Gasparik et al., 2013). 
Figure 4-14B shows the effect of uplift on methane saturation for both Upper Alum Shale and Posidonia 
Shale. Loss of methane from the Posidonia Shale as compared to the maximum burial stage (about 3500 
m) is small whereas a larger loss must be expected for the Alum Shale due to the greater uplift.
However, it must be noted that the Upper Alum Shale sample has reached a very high thermal maturity 
of 4.2 % due to very deep burial. At other places, Upper Alum Shale is at lower maturities leading to less 
pronounced uplift and thus less pronounced gas loss. 
For calculation of hydrocarbon generation and of adsorption masses of methane the hybrid method of 
PetroMod was used. Furthermore, secondary porosity from kerogen transformation to hydrocarbons 
was taken into account and the PetroMod simulation was performed as an open system, which means 
that outflow at the top and the sides of the model occurred. The transformation ratio of the Upper Alum 
Shale is at or close to 100% since deepest burial in the Late Pennsylvanian/Early Permian, so that no 
further petroleum generation potential remains. During this time of thermal gas generation, the Upper 
Alum Shale was probably completely gas saturated. 
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Figure 4-14 A: Calculated methane adsorption capacities for the Upper Alum Shale and the Posidonia Shale as 
function of depth (at a geothermal gradient of 30°C/km and a pressure gradient of 10 MPa/km). (Langmuir 
function for absolute adsorption (PetroMod) and Langmuir-based Excess adsorption function).The adsorption 
capacity as a function of depth is plotted down to the maximum burial depth according to the temperature-
vitrinite reflectance conversion of Barker and Pawlewicz (1994). The dry Upper Alum Shale shows a higher 
adsorption capacity as well as a higher reduction in adsorption capacity with increasing depth in comparison to 
the low mature Posidonia Shale. B: Effect of uplift on methane saturation for both Upper Alum Shale and 
Posidonia Shale. 
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When the Upper Alum Shale became mature in the terms of oil and gas generation, gas contents (free 
and adsorbed gas) rose up rapidly to maximum values at 320 Ma (Fig 4-15: data for entire basin area). 
With continuing burial and increasing temperatures during the uppermost Pennsylvanian, most of the 
generated hydrocarbons (>80%) were already lost due to expulsion from the shale and through 
migration losses at the top and the margins of the modeled volume (Fig. 4-15). In the following basin 
history (since 300 Ma) free gas contents were further reduced as a result of continued migration to the 
top and sides of the model (Fig. 4-15). 
Figure 4-15 Time plot for hydrocarbon generation from Upper Alum Shale showing generation balance, mass of 
total gas mass accumulated in the source, mass of adsorbed gas, and losses during basin evolution. The dashed 
lines illustrate the total gas content and the losses for the perfect seal scenario. 
One example is shown for the area of well Münsterland 1 in Figure 4-16. The adsorption capacity was 
reduced during times of highest temperature, but slightly increased again with shallower burial depth 
and lower temperatures (Fig. 4-16). These effects are not very strong, because only moderate uplift 
occurred there and Upper Alum Shale remained at great depth. The adsorbed gas mass was highest at 
320 Ma (Well Münsterland 1: about 42000 tons/cell or 1.4 kg/m3, Fig. 4-16; see general discussion below 
for adsorption capacities before maximum temperatures were reached). Mass of adsorbed gas slightly 
decreased at times of deepest burial and highest temperatures, i.e. already during the Late 
Pennsylvanian and Early Permian. Since highest temperatures were reached at about 290 Ma, the 
adsorption mass (38000 tons/cell or 1.3 kg/m3) remained more or less unaffected. 
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The total gas content (free + adsorbed) and the free/adsorbed gas ratio depend on the defined seal rock 
lithology. To illustrate this effect, two scenarios with different seal properties were designed. For the 
standard model we defined a shale with normal seal properties, whereas as an alternative a shale with 
perfect seal properties was used in another simulation. The free gas content depends highly on the 
defined seal rock, whereas quantities of the adsorbed gas phase are not affected by the seal lithology 
(Fig. 4-15). 
Figure 4-16 Time plot for the Upper Alum Shale in well Münsterland 1 showing gas content (total and adsorbed) 
and gas adsorption capacity trough time as well as temperature and pressure during basin evolution. Masses are 
calculated for a cell of 1000 m x 1000 m x 30 m. 
In the case of the shale with normal seal properties, gas saturations in the Upper Alum Shale are lower 
than 1% and gas mainly remains in the adsorbed phase. The gas content varies between approximately 
28 scf/ton (=0.79 std. m3/ton) in the southern study area (shallow depths) and 20 scf/ton (=0.57 std. 
m3/ton) in the Lower Saxony Basin (great depths, Fig. 4-17A). In the Münsterland area the gas content 
ranges between 21 and 26 scf/ton (=0.59-0.74 std. m3/ton, Fig. 4-17A). We will discuss below that these 
values have to be regarded as maximum values and that real values are expected to be lower. In the 
case of a perfect seal gas saturation varies between < 1% and 95% (<1% in synclines, 95% in anticlines, 
depending strongly on the basin architecture. In this maximum scenario, gas content reaches more than 
400 scf/ton (=11.3 std. m3/ton) in the northern Münsterland (Fig. 4-17B). 
Results on gas quantity for the two scenarios differ, based on the reasons described above. The 
generation balance for the entire model area is 32.57 x 109 tons of methane and the same in both 
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scenarios as well as the adsorbed gas mass (0.57 x 109 tons). The free gas mass is low in the non-perfect 
seal scenario (0.01 x 109 tons) in comparison to the perfect seal scenario (1.68 x 109 tons). Nevertheless, 
hydrocarbon losses are very high in both scenarios (>90%; Fig. 4-15). 
Figure 4-17 Total gas content of the Upper Alum Shale based on 3D simulation results. A: non-perfect seal 
scenario; B: perfect seal scenario (see text for explanation). In the “non-perfect seal”-scenario more than 97 % of 
the gas are attributed to the adsorbed gas phase. 
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4.5 General Discussion: Uncertainties and implications for exploration on 
unconventional gas 
4.5.1 Thermal Maturities 
Present day maturities are well known from the Westphalian succession in the Ruhr area due to mining 
activities. The model was mainly calibrated on the basis of this information (vitrinite reflectance and 
volatile matter yield) and some data from deeper wells within the study area. Therefore, the modeled 
maturity of the Westphalian succession is regarded as accurate for the southwestern part of the study 
area (cf. Fig. 4-13C). Information on maturity of Mississippian and older units is scarce. In addition, no 
coals are present in these marine formations; therefore the scatter of vitrinite reflectance data as 
compared to coals is greater (Scheidt and Littke, 1989) leading to greater uncertainty. Information on 
the thickness of these old marine units is also limited and thus assumptions have to be made with 
respect to the exact depth position of e.g. the Upper Alum Shale. For that reason, maturity can be over- 
or underestimated for the Upper Alum Shale unit marking more or less the Mississippian/Pennsylvanian 
boundary. Greatest uncertainties clearly exist in the areas without deep wells, e.g. in the eastern 
Münsterland area. 
The main focus in this study was on the pre-Permian sequence and therefore, the maturity of the 
Mesozoic units in the Lower Saxony Basin was not well examined during modeling procedure. A detailed 
description of the temperature and maturity history for the Mesozoic units in the Lower Saxony Basin is 
presented in Bruns et al. (2013) and much information on the Cretaceous units in the Münsterland Basin 
is found in Rudolph (2006). 
4.5.2 Erosion 
Erosion of Carboniferous sediments was completely attributed to the Variscan phase (latest 
Pennsylvanian/Early Permian uplift) in the model. This simplification was necessary to keep the model as 
simple as possible, but Kimmerian or Tertiary erosion of Carboniferous rocks cannot be ruled out. 
However, the Tertiary erosion would have affected only the (southern) basin margin, where Paleozoic 
rocks crop out today. It had no effect on the central part of the basin, where Cretaceous rocks overlie 
the Carboniferous. A strong Kimmerian erosion of not only Mesozoic but also thick Paleozoic rocks 
(during latest Jurassic/Early Cretaceous) does not seem very probable according to fission track data 
(Karg et al., 2005). Especially in the Münsterland Basin, these ages reflect total annealing, i.e. highest 
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temperatures during the Carboniferous and much cooler temperatures during the Mesozoic. This is in 
conflict with any deep burial during this time. 
4.5.3 Gas Content 
As demonstrated by simulation results, gas content within the pore space strongly depends on the 
selected seal properties. Lateral and interbedded facies changes are not considered for the overlying 
seal. In consequence, absolute gas contents calculated by the software are regarded as indications 
where lower and higher gas contents might be expected (under the assumption of a uniform top seal), 
whereas quantitative data are not regarded as reliable. A further impact on the simulated gas contents 
is constituted by the “open system”-modeling, which allows the outflow of gas out of the system 
towards the margins, especially when the basin was tilted. These outflows may be too high. Inflow of 
gas into the model is not possible. Whereas petroleum system modeling is an excellent tool for 
calculation of volumes of generated gas through time and for modeling the filling of conventional traps 
in basins where source rocks, drainage areas, and petrophysical properties of lithologies are well known, 
it can hardly handle quantitatively the expulsion characteristics of shales due to i) the change of pore 
space and pore morphology in source rocks including generation of secondary porosity from kerogen 
conversion (Bernard et al., 2012) and plugging of porosity e.g. by (solid) bitumen and ii) exchange 
between adsorbed and free gas in the course of changes in porosity, fluid chemistry, and pore pressure. 
Not only the Upper Alum Shale can be regarded as gas shale, but also some other Mississippian and 
Pennsylvanian shales could be considered as potential gas shales as well as Devonian black shales (cf. 
Uffmann et al., 2012).  With the exception of the carbonate lithologies, Tournaisian and Viséan deposits 
show moderate to high TOC (1-5%), usually at high silica content (cf. Uffmann et al., 2012). However, 
these older Mississippian shales as well as some Devonian black shales are even deeper and even more 
mature than the Upper Alum Shale; therefore we do not believe that they will be prime targets for 
exploration activities. Pennsylvanian marine shales are common, often overlying coal seams; 
furthermore it is known from the coal mining activities that the Pennsylvanian is rich in methane. The 
methane potential of the Pennsylvanian was, however, beyond the scope of this study. 
The mechanism of gas storage in shales is a key element in characterizing these low 
porosity/permeability reservoirs, including adsorption storage. Lu et al. (1995) mentioned that in 
Devonian US shales more than 50% of the total gas exists in the adsorbed phase, which corresponds to 
our own results. Our different scenarios indicate for the Upper Alum Shale that the portion of adsorbed 
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gas of the total gas is expected to range between roughly 25% (perfect seal) and 97% (non-perfect seal). 
It should be noted that calculation of adsorption capacity was based on measurements on dry samples 
(which have a higher methane adsorption capacity than water-wet samples) and that absolute 
adsorption rather than excess adsorption (Fig. 4-14A) is calculated by the software. Furthermore, 
PetroMod calculates adsorption as a function of gas generation and adsorption capacity. However, the 
adsorbed phase has to be in thermodynamic equilibrium with a partial pressure in the gas or water 
phase. For the non-perfect seal the pore space is assumed to be water filled. Due to the low solubility of 
methane in water, the migration of dissolved methane in the pore water is negligible as long as no or 
only very slow water flow takes place. In summary, the calculated values both for adsorption capacity 
and adsorbed gas content are regarded as upper limits. 
Methane adsorption on organic matter is an exothermic process. Therefore with increasing temperature 
higher pressures are necessary to achieve equal adsorption amounts. Adsorption capacities can be 
calculated for varying pressures and temperatures throughout the burial history. However, we have to 
note that changes in maturation as described by Hildenbrand et al. (2006) are not considered here. For 
the Upper Alum Shale, adsorption characteristics were determined for a highly mature sample; 
therefore the calculated capacities are only relevant for the phase of uplift and reburial after deepest 
burial during the latest Pennsylvanian, but not for the earlier phase of burial, when the Upper Alum 
Shale was less mature. In any case, with respect to quantities of adsorbed gas, a larger data set of 
adsorption isotherms for samples of different maturity from the Upper Alum Shale within the study area 
would be beneficial. 
Finally, we would like to emphasize that the Münsterland Basin has a very high unconventional gas 
potential. The Pennsylvanian gas potential can be regarded as proven due to high gas contents in coal 
mines (Thielemann et al., 2000); more than 100 coal seams exist with a cumulative thickness of about 80 
m. Interbedded are several marine beds and the underlying Mississippian section also contains several,
black marine shales rich in organic matter. 
4.6 Summary and Conclusions 
Large amounts of natural gas accumulations (free and adsorbed) may exist in the Carboniferous 
succession of the Münsterland Basin, where both the Pennsylvanian and Mississippian are rich in 
organic matter-rich sediments including coals and black shales. High gas contents are proven for the 
coal-bearing Pennsylvanian due to experience from centuries of coal mining. We developed for the first 
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time a 3D petroleum system model for this area which is mainly based on the present-day geological 
architecture and maturity data from numerous wells. Several maps show the evolution of depth, 
temperature and maturity for this area. Uncertainties exist mainly for i) deep layers and ii) for the east, 
where no well control exists. Furthermore, part of the erosion of Carboniferous and older sedimentary 
rocks might be attributed to Tertiary uplift (for the outcrop areas) or to Late Jurassic/Early Cretaceous 
uplift, which was not considered in the model. 
In the uppermost part of the Mississippian, the Upper Alum Shale is a widespread, carbon-rich unit. For 
this unit, as an example for the many black shales and coals, gas generation and storage were calculated 
for the first time. Almost everywhere, the Upper Alum Shale is now overmature, probably mainly due to 
deep burial depth during the Pennsylvanian/Early Permian. The situation in the southern part of the 
study area is more favorable in terms of gas exploration and production, due to the slightly lower 
maturity and smaller depth. There is a high probability that significant amounts of gas are adsorbed 
within these shales, whereas much of the free gas within the open pore space might have been replaced 
by water. 
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5 Final Discussion and Outlook 
In the context of this research study, a comprehensive description and analysis of the gas generation 
and storage potential of Paleozoic source rocks in northern Germany and adjacent areas was performed, 
including conventional and unconventional reservoirs. For the first time, a 3D petroleum basin model 
covers such a large area in northern Germany and focuses on many aspects of the basin evolution 
including analysis of natural gas generation, migration and accumulation. 
This final chapter synthesizes the key-results outlined for each sub-project (chapter 2 to 4) and discusses 
several aspects which have to be considered for a comprehensive, final conclusion, i.e. the general 
limitations of basin modeling, the effect of erosional events, maturity results, the inference of 
mineralogy and geochemistry of black shales on their shale gas quality and finally the occurrence of 
“likely sweet-spots”. 
5.1 General limitations of the basin models 
As mentioned in chapter 1, the quality of any quantitative basin model depends on the precision and 
sensitivity of input data and on the model assumptions and parameters implemented to the basin 
model. First, individual limitations are listed for the two different basin models, thereafter general 
modeling uncertainties are discussed (erosion and maturity). 
5.1.1 North German Basin Model 
For the North German Basin model described in chapter 2, thickness data of Maystrenko et al. (2010) 
and Gerling et al. (1999) were used. The data were incorporated in a large-scale model (812 × 528 km) 
with a horizontal grid size of 4 x 4 km. Therefore, the geology had to be strongly simplified by reduction 
of various structural elements. This is one major limitation concerning the structural setting. 
Furthermore, thickness data were only available for the main stratigraphic units (e.g. Triassic, Jurassic, 
and Cretaceous) with no detailed subdivision. For modeling, these thick stratigraphic units were 
subdivided in a uniform way into a lower and upper part, in order to take depositional/erosional events 
more precisely into account. In consequence, this simplification led to uncertainties, for example, the 
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Cretaceous was split into an upper part (40%) and a lower part (60%), although the relative percentage 
greatly varies in different parts of the basin. 
Lateral facies distribution was incorporated for some stratigraphic units, but detailed information like 
interbedded facies changes were not taken into account. Therefore, the lithological parameters listed in 
table 2-1 represent approximations of the reality leading to inaccuracy in calculation of e.g. 
permeabilities which in turn may modify migration pathways and velocities. 
Intensive salt diapirism in the North German Basin was implemented to in the modeling procedure using 
the salt piercing tool (when salt piercing takes place, parts of the lithologies lying above are replaced by 
salt during specific time intervals). Extensive diapirism led also to absence of salt in some areas and the 
formation of salt windows. Limitations in the software do not allow lithology changes from formerly 
impermeable salt to more permeable lithologies. To consider migration pathways through salt windows 
during the basin history (which can lead to migration losses of gas), the present-day salt windows were 
kept open since deposition of the Zechstein salt. In addition, the evolution of individual all salt diapirs 
could not be simulated correctly for all salt diapirs in this large-scale model. 
The North German Basin is subdivided by several WNW-ESE striking fault systems (e.g. the Elbe fault 
system) and N-S trending extensional structures (e.g. the Glückstadt Graben and the Horn Graben). 
However, no faults were defined in this large-scale basin model with exception of one fault in the 
southeast. This influenced simulations of gas migration and some structural/fault bounded reservoirs 
were possibly ignored. On the other hand, many known gas accumulations (e.g. Groningen) were 
correctly modeled indicating that fault-bound transport did not play a major role. 
5.1.2 Münsterland Basin Model 
In contrast to the large-scale model, the basin model of the Münsterland includes much more structural 
details, which was realized by the choice of a horizontal grid resolution of 500 x 500 m. Restrictions to 
the quality of the model are due to less accurate depth and thickness data in the east- and south eastern 
study area and close to the frontier zone to The Netherlands. 
The Paleozoic section of the Münsterland Basin belongs to the Subvariscan foreland basin north of the 
Rhenohercynian Zone and comprehends tectonic elements, such as faulting and overthrusting. Tectonic 
deformation and thrusting was not integrated to modeling. Treatment of overthrusting is still a major 
challenge in 3D petroleum system modeling. 
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5.2 Erosion 
Based on initial thickness data (Krull, 2005), erosion amounts for the Westphalian succession in the 
Münsterland area were assumed to range between <500 m and 2000 m (chapter 1). For the 
Münsterland Basin the initial thickness of Drozdzewski and Wrede (1994) seemed to be more accurate 
due to high thermal maturities. These authors assumed a maximum initial thickness of 4000 m in this 
area in contrast to Krull (2005) assuming only 3000 m initial thickness. Based on modeling results, an 
initial thickness between 3500 m and 5000 m was now calculated for the Münsterland Basin. The 
amount of erosional thickness was underestimated south of the Lower Saxony Basin in the large-scale 
model, because the focus there was on the basins further north and on conventional petroleum 
systems. 
Erosion of Mesozoic sediments during the Kimmerian uplift was realized in the large-scale model in the 
southern North Sea but was not considered south of the Lower Saxony Basin. In the Münsterland Basin 
model, an erosional thickness of 1200 m for Mesozoic units was defined, considering apatite fission 
track data which indicate increased temperatures during the Mesozoic as a result of additional 
overburden. 
For the Late Cretaceous inversion, total erosion rates and resulting maturities in the Lower Saxony Basin 
have been quantified as well. Erosional thickness rises up from almost 1000 m along the Osning-Fault to 
more than 6500 m in the Piesberg area. The new results of Bruns et al. (2013) are based on much more 
calibration data in this area and are therefore more detailed, but basically confirm our results from the 
large-scale model. 
5.3 Maturity 
The maturity for all stratigraphic units in the study area was determined by calibration with VRr and 
other maturity parameters. Within the area of the large-scale model described in chapter 2, a further, 
more detailed 3D model was carried out for the Münsterland Basin (chapter 4) and for the Lower Saxony 
Basin (Bruns et al., 2013). These high resolution models contain more calibration data and are therefore 
more precise in terms of temperature and maturity calculation (Fig. 5-1). 
In northern Germany maturities at the top of the Carboniferous range between 0.4% VRr north of the 
island Rügen (Baltic Sea) and more than 4.6% in the Lower Saxony Basin (Fig. 5-1). This wide spectrum in 
maturity originated from several locally different depositional, erosional phases and salt diapirism etc. 
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Obviously, the maturity calculated in the large-scale model is not sufficient in terms of calibration in the 
southern parts of the study area and indicates main differences with the high resolution models (Fig. 5-
1). 
Figure 5-1 Present-day maturity of the pre-Permian subsurface in northwest Europe. Merging of the 3D 
simulation results of this thesis (Chapter 1 and 3, Uffmann et al., 2010) with Bruns et al. (2013). 
5.4 Black Shale Composition 
The geochemical and mineralogical data provided here, represent for the first time a comprehensive 
overview of Mississippian black shales in northwestern Germany, especially with respect to their 
petroleum generation potential. All shale formations yield significant amounts of detrital quartz or 
biogenic silica, with variable contents of clay minerals, organic matter, and pyrite. During the late 
Mississippian, most of these black shales were deposited under suboxic to anoxic bottom water 
conditions. Subsequent overlying Pennsylvanian rocks were deposited under prevailing oxygenated 
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bottom waters. Especially the Upper Alum Shale of Late Mississippian age is regarded as a potential 
target for shale gas exploration in terms of mineralogy, organic carbon content, and thickness. 
The interpretation on adsorption characteristics is basically bound to the mineralogical composition of 
black shales. It is well-known, that other minerals, such as clay minerals, are responsible for the 
adsorbed gas storage as well. Results of the clay content show that muscovite, illite and chlorite 
predominate with minor contents of kaolinite (as a swelling clay mineral). The mineralogy has also an 
effect on the permeability and microporosity of shales and most notably controls the gas recovery. 
Furthermore, high silica contents lead to a higher brittleness and therefore these rocks are known to be 
more prone to natural fractures. 
Thus, they are good candidates for fracture stimulation and consequently production from shale gas 
horizons with a balanced mineral composition (e.g. transitional zone between basinal facies and 
turbidites within the Subvariscan foreland basin) is probably most beneficial. TOC content in 
combination with thermal maturity and mineralogy act as key parameter affecting the total storage 
capacity of gas shales. 
More data on the petrophysical properties of these black shale formations is regarded beneficial for 
further exploration activities. Measurements of permeability, porosity as well as the adsorption 
characteristics at various temperatures within the Upper Alum Shale are regarded important to 
understand the gas storage mechanisms and gas-shale thermodynamic dependencies. 
5.5 Gas generation, Migration and Gas-in-place (GIP) 
The modeling of hydrocarbon generation focused in the large-scale model on the 
Pennsylvanian/Westphalian gas system. Additional source rocks and further kinetic assumptions, e.g. for 
nitrogen generation or kinetics for black shale horizons in the Mississippian or Mesozoic source rocks, 
were not considered although representing important elements in the petroleum play in the North 
German Basin. 
Based on modeling results, gas generation, migration paths and accumulation of gas were considered 
for any time in the basin history. In summary, the general regional trend of gas accumulations is well 
represented. However, most modeled reservoirs are not at the exact positions, when compared to well 
data. This is seen to be due to so far unknown diagenetic processes, which likely influenced reservoir 
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properties, the sealing efficiency of caprocks, the conductivity of fracture systems and the limited 
resolution of the large-scale model. 
The large-scale model described in chapter 2 is only capable of showing general trends. However, the 
advantage associated with such a model is that it provides a consistent, wide spread visualization of all 
drainage areas. Also, large-scale lateral migration may be considered, which cannot be handled in small-
scale reservoir models. 
The Münsterland Basin model was predominantly performed to evaluate the methane storage capacity 
in the Mississippian Upper Alum Shale. Other black shale horizons or gas bearing strata within the coal 
bearing Pennsylvanian were, however, not considered. 
Thermal gas generation mainly occurred at Pennsylvanian times, before the Variscan orogeny and 
subsequent uplift. Early generated gas largely escaped before the main regional seal, the Zechstein salt 
was deposited. Therefore, over 70% of the overall generated gas was lost. In total, 5% were 
accumulated in conventional reservoirs. 
In the Münsterland Basin, a fraction of this early generated gas was preserved in the Mississippian black 
shales as free and adsorbed phase, depending on the defined permeabilities of the overlying 
Pennsylvanian formations, especially within the Namurian. However, more than 90% of the generated 
gas escaped during early basin history. Nevertheless, retention of this shale gas is favoured in the 
Münsterland Basin, where the Upper Alum Shale was not uplifted to the surface. 
The large-scale model considers immature and low to moderate mature areas and the residual potential 
of the Pennsylvanian succession. The gas generation stage is achieved in the German North Sea, the 
Pompeckj Block and a large realm of the North East- and North West German Basin. In comparison, the 
Pennsylvanian succession is still below the gas generation stage in most areas of the Baltic Sea and The 
Netherlands. However, exploration should focus on areas, where the Pennsylvanian is still in or near the 
gas window (1.3-4% VRr). 
Due to the combination of the modeling approach with the mineralogy of gas shales “sweet spots” could 
be identified for unconventional gas reservoirs. The results could be used for the exploration of new gas 
fields across the country. 
In summary, best potential for shale gas exploration can be found most probably in areas with thermal 
maturities of < 3% VRr and at depths < 3000 m. This is a likely limiting factor for gas exploration, as the 
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Upper Alum Shale is at a high thermal maturity stage and is often located at even larger depths within 
the basin.There are many younger and less mature black shales in the upper part of the Namurian as 
well as in the Westphalian which meet the above criteria. 
5.6 Outlook and Recommendation 
The results of this thesis are supposed to aid the industry defining hydrocarbon exploration objectives 
(“sweet spots”) and making drilling decisions in the Paleozoic in northern Germany. Analyses of errors, 
sensitivity analysis (e.g. Monte Carlo integration) and calibration in basin models are essential for these 
purposes. In order to study a special accumulation in great detail, a production specific reservoir-scale 
model would be needed in addition. Information on Mesozoic and Cenozoic petroleum systems is not 
considered in this thesis, but modeling results can be used for further investigation of these other 
petroleum plays. In addition, calculation on gas contents (free+adsorbed) in the coal-bearing 
Pennsylvanian is one of the future targets. Multiple gas-storage mechanisms influencing the sorption 
capacities and the productivity of Lower Carboniferous shale-gas reservoirs need to be addressed such 
as detailed permeability analyses. 
One of the current challenges in basin modeling is the integration of complex tectonic environments, 
such as overthrusting, in 3D petroleum basin models. At this time, other software has to be used to 
reconstruct paleo-models and petroleum system models cannot treat these processes satisfactorily. The 
same holds true for chemical diagenesis including evolution of secondary porosity in shales. 
Deficiencies of well data information, i.e. calibration data, are a crucial factor controlling the quality of 
basin models. One major problem in Germany is the blocked disclosure of well data by the oil and gas 
industry to Universities and other research institutions – an improvement and law-amendment would 
be beneficial (compare for example laws in The Netherlands, Norway and Canada, where well data is 
public domain). 
Even if the “energy revolution” may bring us in the next few decades into the age of 
renewable/regenerative energy, natural oil and gas will stay valuable resource without which today's 
society would be unimaginable. Therefore further exploration and production for unrecoverable fossil 
fuel reservoirs is essential. Fortunately, there is a large potential in northwestern Europe. 
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Appendix I  3D petroleum systems modeling of the North German Basin 
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Figure A1: Present day thickness of Namurian sediments. 
Figure A2: Present day thickness of Stephanian sediments. 
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Figure A3: Upper Devonian facies distribution. 
Figure A4: Dinantian facies distribution. 
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Figure A5: Namurian facies distribution. 
Figure A6: Facies distribution of Rotliegend sediments. 
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Figure A7: Initial thickness of Westphalian sediments. top left: Drozdzewski and Wrede 1994; down 
left: Krull 2005. On the righthand side is the conversion to PetroMod® displayed. 
Figure A8: Upper Jurassic paleogeography and facies distribution after Ziegler (1990) 
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Figure A9: Erosion map of Jurassic sediments in the study area. 
Figure A10: Cross section through the northern study area (Glückstadt Graben) before (left) and after 
salt piercing (right). 
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Figure A11: Burial history, temperature and calibration data of well Mittelplate 2. 
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Figure A12: Burial history, temperature and calibration data of wells Dukegat Z1 (DUKE) and 
Manslagt Z1 (MANSL). 
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Figure A13: Burial history, temperature and calibration data of well Boizenburg (BOIZ) based on 3D-
modeling. 
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Figure A14: Temperature and vitrinite reflectace data of well Boizenburg (BOIZ) based on 1D-
modeling. 
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Figure A15: Burial history, temperature and calibration data of well Osnabrück Holte Z1. 
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Burial and thermal history of the base Jurassic 
1st. Time Step (125 Ma) 
Figure A16: Base of Jurassic at 125 Ma (top: Vitrinite Reflectance, bottom: Temperature). 
In addition to the Westphalian gas source rock, the evolution of the Posidonia Shale is visualized (here: 
base Jurassic). In northwestern Germany and the southern North Sea the base of Jurassic reached deep 
burial and high temperatures already at the end of Malm sedimentation (120°C, 0.70% VRr). After 
deposition erosion occurred in the area of the Pompeckj Block. Therefore, Jurassic sediments are locally 
very thin below the “Kimmerian Unconformity”. Some small depressions exist, for example the 
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“Ostholsteinischer Juratrog”, where thicker sediments are conserved (0.8% VRr). The temperatures 
decreased to 30°C during the Early Cretaceous. Maturity was still at about 0.7% VRr, the onset of oil 
generation. 
In the LSB the base Jurassic was buried to almost 5 km during the Late Jurassic and Early Cretaceous, 
temperatures reached 300°C and vitrinite reflectance reached up to 4.5% and more. 
2nd. Time Step (87 Ma) 
The southern parts of the study area had already reached an advanced maturation during the beginning 
of the Late Cretaceous, especially the West Netherland Basin (170°C, 1.7% VRr) and the LSB (slightly 
above 4.5% VRr). Temperatures in the LSB began to rise with Jurassic to Upper Cretaceous burial to 
reach a maximum of slightly more than 360°C. 
Also deep burial in the Central Graben started in the Upper Cretaceous where the base Jurassic reached 
more than 4.5 km depth and up to 3.0% VRr. 
In the most (north-) eastern study area, a small depression developed in the Upper Cretaceous, were 
the base Jurassic was buried to 3 km depth obtaining temperatures of about 140°C and a vitrinite 
reflectance up to 1.0%. 
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Figure A17: Base of Jurassic at 87 Ma (top: Vitrinite Reflectance, bottom: Temperature) (Legend see 
Figure 16). 
3rd. Time Step (65 Ma) 
At the end of the Late Cretaceous erosion the temperatures decreased considerably in the LSB and in 
the WNB. In the Central Graben temperatures still reached 200°C. 
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Figure A18: Base of Jurassic at 65 Ma (top: Vitrinite Reflectance, bottom: Temperature) (Legend see 
Figure 16). 
4th. Time Step (0 Ma) 
Present depth of burial and temperature are highest in the Central Graben (>6 km, 230°C) and some 
parts of the Glückstadt Graben (nearly 5 km, 140°C). Also high temperatures up to 160°C occur in the 
LSB. Maturity in these areas is high since the Late Cretaceous, accordant to a vitrinite reflectance >1.5%, 
i.e. there is no more oil generation. Westwards of the Pompeckj Block higher maturity levels developed 
in the Tertiary, but are still lower than 1.0% VRr. Temperatures are at about 80-90°C. 
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Temperatures in the North German Basin are often quite low due to the formation of many salt domes 
and salt pillows affecting this area since the Triassic until today. Due to intense salt movement in the 
Glückstadt Graben and surrounding areas, some small depressions received sediments continuously 
through the entire Mesozoic and Cenozoic, e.g. the “Ostholsteinischer Juratrog”, where the base 
Jurassic is buried to 4 km depth and experiences temperatures of about 120°C. It should be kept in mind 
that the Liassic Posidonia Shale source rock was eroded in many other places! 
Figure A19: Base of Jurassic at recent times (top: Vitrinite Reflectance, bottom: Temperature) 
(Legend see Figure 16). 
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Figure A20: Gas generation kinetics of Burnham and Sweeney (1989) (red line: dry gas, green line: 
medium oil). 
Figure A21: Westphalian AB at 300 Ma; the red arrows pose the migration trend out of the source 
rock. 
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Figure A22: Modeled gas fields in Rotliegend and Zechstein Carbonate reservoirs. 
Figure A23: Gas fields in different reservoir rocks within the study area (Lokhorst et al., 1998). 
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Figure A24: Development of the Groningen Gas field at different time steps. At 0 Ma also the 
drainage areas are displayed. 
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Figure A25: Development of the Soltau Gas district at different time steps. At 0 Ma also the drainage 
areas are displayed. 
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Appendix II  Mineralogy and Geochemistry of Mississippian and Lower Pennsylvanian Black 
Shales at the Northern Margin of the Variscan Mountain Belt (Germany and 
Belgium) 
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Table A1: Vitrinite Reflectance Values of Area 1 
Table A2: Vitrinite Reflectance Values of Area 2 
Table A3: Vitrinite Reflectance Values of Area 3 
sample sample location stratigraphic age - differentiated VR [%]
VR (std. dev.) 
[%]
10/960 Belgium - Carrière du Lion Namurian A 1.86 0.073
10/962 Belgium - Carrière du Lion Namurian A 1.63 0.078
10/965 Belgium - Carrière du Lion Namurian A 1.78 0.065
10/972 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.91 0.101
10/976 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.25 0.066
10/984 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.2 0.073
10/987 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.1 0.06
10/994 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.18 0.067
10/999 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.08 0.077
10/1003 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.22 0.088
10/1007 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.09 0.073
10/1011 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.29 0.063
10/1016 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.92 0.056
10/1111 Belgium - Carriére Transcar Upper Viséan 2.27 0.072
10/1115 Belgium - Carriére Transcar Namurian 1.12 1.118
sample sample location stratigraphic age - differentiated VR [%]
VR (std. dev.) 
[%]
10/548 Epen (Belgien) [quarry "Heimansgrube. Göhltal"] Namurium A/B 1.48 0.095
10/893 Stolberg. "Donnerberg" Namurium A/B 1.14 0.082
10/898 Stolberg. "Donnerberg" Namurium A/B 1.08 0.049
10/914 slope at B 258 Namurian A/B: Wilhelmine-formation 1.7 0.09
10/1393 grove at "Bilster Mühle" Namurian A/B: Wilhelmine-formation 1.53 0.137
10/1395 grove at "Bilster Mühle" Namurian A/B: Wilhelmine-formation 1.57 0.158
sample sample location stratigraphic age - differentiated VR [%]
VR (std. dev.) 
[%]
10/199 Wuppertal - Riescheid Tournaisian - "Schw arze Kieselschiefer" 1.72 0.098
10/1325 Neviges - Alaunstraße Upper Viséan - "Hangende Alaunschiefer" 1.41 0.099
10/1321 Neviges - Alaunstraße Upper Viséan - "Hangende Alaunschiefer" 1.5 0.062
10/1327 Zippenhaus Upper Viséan - "Hangende Alaunschiefer" 1.34 0.087
10/1330 Zippenhaus Upper Viséan - "Hangende Alaunschiefer" 1.37 0.077
10/1331 Zippenhaus Upper Viséan - "Hangende Alaunschiefer" 1.36 0.08
10/203 Wuppertal - Riescheid Visean - "Knollige Kalksteine" 1.7 0.057
10/227 Wuppertal - Riescheid Visean - "Posidonienschiefer" 1.44 0.089
10/1333 Bochum - Klosterbusch Witten-Formation 1.49 0.06
10/1339 Bochum - Klosterbusch Witten-Formation 1.39 0.084
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Table A4: Vitrinite Reflectance Values of Area 4 
Table A5: Vitrinite Reflectance Values of Area 5 
sample sample location stratigraphic age - differentiated VR [%]
VR (std. dev.) 
[%]
10/926 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.74 0.096
10/930 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.97 0.053
10/931 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.25 0.051
10/936 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.16 0.056
10/938 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.82 0.057
10/944 Becke-Oese - quarry Upper Viséan - "Kulm Plattenkalk" 2.05 0.051
10/950 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 1.76 0.059
10/953 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 1.93 0.066
10/954 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 1.65 0.067
10/955 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 1.44 0.069
10/1346 Westenfeld - Unter der Hardt Low er Tournaisan - "Liegende Alaunschiefer" 2.3 0.068
10/1350 Westenfeld - Unter der Hardt Low er Tournaisan - "Liegende Alaunschiefer" 2.32 0.132
10/1352 Westenfeld - Unter der Hardt Low er Tournaisan - "Liegende Alaunschiefer" 2.29 0.058
10/1353 Westenfeld - Unter der Hardt Low er Tournaisan - "Liegende Alaunschiefer" 2.19 0.042
10/1366 Becke Oese Viséan - "Mittlerer Plattenkalk" 2.29 0.059
10/1368 Becke Oese - railw ay station Viséan - Kieselige Übergangsschichten" 2.9 0.55
10/1371 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 3.68 0.068
10/1373 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 3.72 0.064
10/1376 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 3.85 0.074
10/1378 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 3.63 0.07
10/1380 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 3.65 0.072
10/1381 Wicheln - Fa. Lanw ehr Middle  Viséan - "Actynopterienschiefer" 3.65 0.075
10/1382 betw een Westenfeld and Altenhellefeld Low er Tournaisan - "Liegende Alaunschiefer" 3.12 0.063
10/1383 N-Visbeck Low er Tournaisan - "Liegende Alaunschiefer" 3.24 0.071
10/1385 N-Visbeck Low er Tournaisan - "Liegende Alaunschiefer" 2.68 0.061
10/1386 Niederbergen Upper Viséan - "Hangende Alaunschiefer" 2.61 0.076
sample sample location stratigraphic age - differentiated VR [%]
VR (std. dev.) 
[%]
10/1390 Altenbeuren Low er Tournaisan - "Liegende Alaunschiefer" 3.92 0.061
10/1391 Warstein - Romede Low er Tournaisan - "Liegende Alaunschiefer" 3.49 0.057
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Table A6: TOC, Sulfur, TIC and carbonate contents of Area 1 
sample sample location stratigraphic age - differentiated TOC% Sulfur% TOC% TIC% TC%
Calcium 
Carbonate%
10/957 Belgium - Carrière du Lion Namurian A 1.25 2.99 1.25 0.05 1.3 0.43
10/962 Belgium - Carrière du Lion Namurian A 1.13 0.1 1.13 0.16 1.29 1.37
10/972 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 3.01 2.83 3.01 0.33 3.34 2.77
10/973 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.65 3.65 2.65 0.15 2.8 1.23
10/974 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.65 4.32 2.65 0.48 3.13 3.97
10/975 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.6 3.38 2.6 0.14 2.74 1.18
10/976 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.31 3.1 2.31 0.17 2.47 1.4
10/977 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.99 3.64 1.99 0.09 2.09 0.79
10/978 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.41 3.73 2.41 0.18 2.59 1.52
10/979 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 4.16 3.26 4.16 0.81 4.97 6.77
10/980 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 3.61 3.79 3.61 0.12 3.73 1.01
10/981 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 6.08 7.33 6.08 2.28 8.36 18.95
10/982 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 4.14 4.37 4.14 0.29 4.42 2.4
10/983 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 3.66 3.71 3.66 0.12 3.78 1.02
10/984 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.66 2.91 2.66 0.48 3.14 4.02
10/985 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 4.47 4.24 4.47 0.36 4.83 2.96
10/986 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 5.28 3.96 5.28 0.65 5.93 5.45
10/987 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 3.84 3.61 3.84 0.11 3.95 0.91
10/988 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 3.21 4.5 3.21 0.13 3.34 1.05
10/989 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 3.27 5.61 3.27 0.04 3.32 0.35
10/990 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 5.05 5.51 5.05 0.04 5.09 0.34
10/991 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 4.4 3.35 4.4 0.05 4.45 0.45
10/992 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 3.97 3.75 3.97 0.01 3.98 0.1
10/993 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 4.57 3.67 4.57 0 4.57 0
10/994 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 3.48 3.36 3.48 0.04 3.52 0.31
10/995 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.92 4.19 2.92 0.01 2.92 0.07
10/996 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 3.58 4.29 3.58 0.09 3.67 0.71
10/997 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 3.29 4.5 3.29 0.08 3.38 0.7
10/998 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.97 4.04 1.97 0 1.97 0
10/999 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.2 3.11 2.2 0 2.2 0
10/1000 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.75 2.98 2.75 0 2.75 0
10/1001 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.91 2.97 2.91 0.08 2.99 0.66
10/1002 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.64 3.93 2.64 0.02 2.66 0.19
10/1003 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.85 3.56 2.85 0 2.85 0
10/1004 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.49 1.25 1.49 0.04 1.53 0.33
10/1005 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.18 2.02 2.18 0.08 2.26 0.67
10/1006 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.6 1.41 1.6 0.09 1.69 0.79
10/1007 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.75 1.41 1.75 0.02 1.76 0.15
10/1008 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.36 1.45 1.36 0 1.36 0
10/1009 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.78 1.59 1.78 0.03 1.8 0.23
10/1010 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.74 1.63 1.74 0 1.74 0
10/1011 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.81 1.48 1.81 0 1.81 0
10/1012 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.27 2.15 1.27 0.08 1.35 0.68
10/1013 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.13 1.54 1.13 0 1.13 0
10/1014 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.26 2.59 1.26 0 1.26 0
10/1015 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.81 3.64 1.81 0 1.81 0
10/1016 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 2.28 4.67 2.28 0 2.28 0
10/1018 Belgium - Seilles Upper Viséan - "Hangende Alaunschiefer" 1.26 0.09 1.26 0.15 1.41 1.22
10/1109 Belgium - Carriére Transcar Visean 1.04 1.32 1.04 6.19 7.23 51.55
10/1110 Belgium - Carriére Transcar Visean 1.61 1.47 1.61 5.99 7.6 49.89
10/1111 Belgium - Carriére Transcar Visean 1.03 1.25 1.03 6.67 7.7 55.54
10/1114 Belgium - Carriére Transcar Namurian 2.08 0.06 2.08 0.04 2.12 0.32
10/1115 Belgium - Carriére Transcar Namurian 2.48 0.06 2.48 1.36 3.84 11.32
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Table A7: TOC, Sulfur, TIC and carbonate contents of Area 2 
Table A8: TOC, Sulfur, TIC and carbonate contents of Area 3 
sample sample location stratigraphic age - differentiated TOC% Sulfur% TOC% TIC% TC%
Calcium 
Carbonate%
10/543 Epen (Belgien) [quarry "Heimansgrube. Göhltal"] Namurium A/B 0.88 0.14 0.88 0.11 0.99 0.93
10/544 Epen (Belgien) [quarry "Heimansgrube. Göhltal"] Namurium A/B 0.86 0.25 0.86 0.09 0.95 0.72
10/545 Epen (Belgien) [quarry "Heimansgrube. Göhltal"] Namurium A/B 0.9 0.12 0.9 0.09 0.99 0.78
10/548 Epen (Belgien) [quarry "Heimansgrube. Göhltal"] Namurium A/B 0.85 0.2 0.85 0.11 0.96 0.92
10/911 slope at B 258 Namurian A/B: Wilhelmine-formation 0.98 0.19 0.98 0.05 1.04 0.42
10/912 slope at B 258 Namurian A/B: Wilhelmine-formation 0.85 0.16 0.85 0.05 0.9 0.43
10/914 slope at B 258 Namurian A/B: Wilhelmine-formation 0.86 0.14 0.86 0.04 0.9 0.32
10/917 slope at B 258 Namurian A/B: Wilhelmine-formation 0.87 0.12 0.87 0.89 1.76 7.5
10/919 grove at "Bilster Mühle" Namurian A/B: Wilhelmine-formation 0.88 0.12 0.88 0.07 0.95 0.58
10/1393 grove at "Bilster Mühle" Namurian A/B: Wilhelmine-formation 1.78 0.12 1.78 0.07 1.84 0.57
10/1394 grove at "Bilster Mühle" Namurian A/B: Wilhelmine-formation 1.02 0.14 1.02 0.06 1.08 0.48
10/1395 grove at "Bilster Mühle" Namurian A/B: Wilhelmine-formation 1.06 0.13 1.06 0.08 1.14 0.7
10/1396 grove at "Bilster Mühle" Namurian A/B: Wilhelmine-formation 0.81 0.12 0.81 0.04 0.86 0.38
10/891 Stolberg. "Donnerberg" Namurium A/B 62.14 0.89 62.14 0.11 62.25 0.91
10/892 Stolberg. "Donnerberg" Namurium A/B 62.61 0.88 62.61 0.17 62.78 1.42
10/893 Stolberg. "Donnerberg" Namurium A/B 71.26 0.88 71.26 0.53 71.79 4.44
10/894 Stolberg. "Donnerberg" Namurium A/B 80.21 0.89 80.21 0.13 80.34 1.13
10/895 Stolberg. "Donnerberg" Namurium A/B 55.44 0.67 55.44 0.37 55.81 3.09
10/896 Stolberg. "Donnerberg" Namurium A/B 64.4 0.75 64.4 0.11 64.51 0.93
10/897 Stolberg. "Donnerberg" Namurium A/B 39.95 0.59 39.95 0.13 40.08 1.05
10/898 Stolberg. "Donnerberg" Namurium A/B 70.79 0.8 70.79 0.15 70.94 1.26
10/899 Stolberg. "Donnerberg" Namurium A/B 42.25 0.56 42.25 0.2 42.45 1.67
10/900 Stolberg. "Donnerberg" Namurium A/B 5.99 0.22 5.99 0.04 6.03 0.3
10/901 Stolberg. "Donnerberg" Namurium A/B 8.87 1.66 8.87 0.16 9.03 1.35
sample sample location stratigraphic age - differentiated TOC% Sulfur% TOC% TIC% TC%
Calcium 
Carbonate%
10/171 Wuppertal - Riescheid Low er Tournaisan - "Liegende Alaunschiefer" 2.15 0.21 2.15 7.57 9.72 63.08
10/172 Wuppertal - Riescheid Low er Tournaisan - "Liegende Alaunschiefer" 2.68 0.31 2.68 3.48 6.17 29.02
10/833 Wuppertal - Riescheid Low er Tournaisan - "Liegende Alaunschiefer" 4.87 0.22 4.87 3.86 8.74 32.2
10/199 Wuppertal - Riescheid Tournaisian - "Schw arze Kieselschiefer" 3.93 0.22 3.93 0.48 4.41 3.98
10/200 Wuppertal - Riescheid Visean - "Knollige Kalksteine" 3.44 0.53 3.44 0.74 4.18 6.17
10/201 Wuppertal - Riescheid Visean - "Knollige Kalksteine" 3.4 0.46 3.4 0.64 4.04 5.36
10/202 Wuppertal - Riescheid Visean - "Knollige Kalksteine" 4.44 0.53 4.44 0.6 5.05 5.04
10/203 Wuppertal - Riescheid Visean - "Knollige Kalksteine" 5.67 0.52 5.67 1.24 6.91 10.35
10/204 Wuppertal - Riescheid Visean - "Schw arze Lydite" 5.28 0.53 5.28 0.59 5.87 4.91
10/205 Wuppertal - Riescheid Visean - "Schw arze Lydite" 3.28 0.42 3.28 0.8 4.08 6.66
10/208 Wuppertal - Riescheid Visean - "Kieselkalke" 3.9 0.11 3.9 0.65 4.54 5.41
10/211 Wuppertal - Riescheid Visean - "Kieselkalke" 1.13 0.04 1.13 0.27 1.4 2.26
10/227 Wuppertal - Riescheid Visean - "Posidonienschiefer" 2.21 0.14 2.21 0.05 2.25 0.39
10/231 Wuppertal - Riescheid Visean - "Kieseliger Schiefer" 1.09 0.14 1.09 0.07 1.16 0.59
10/232 Wuppertal - Riescheid Visean - "Kieseliger Schiefer" 1.01 0.13 1.01 0.1 1.11 0.87
10/822 Wuppertal - Riescheid Visean - "Posidonienschiefer" 1.43 0.07 1.43 0.05 1.48 0.43
10/821 Wuppertal - Riescheid Visean - "Posidonienschiefer" 1.19 0.09 1.19 0.04 1.23 0.33
10/1324 Neviges - Alaunstraße Upper Viséan - "Hangende Alaunschiefer" 5.25 0.39 5.25 0.27 5.52 2.24
10/1325 Neviges - Alaunstraße Upper Viséan - "Hangende Alaunschiefer" 1.24 0.74 1.24 0.21 1.44 1.73
10/1321 Neviges - Alaunstraße Upper Viséan - "Hangende Alaunschiefer" 1.08 0.14 1.08 0.2 1.28 1.63
10/1329 Zippenhaus Upper Viséan - "Hangende Alaunschiefer" 2.6 0.31 2.6 2.22 4.82 18.47
10/1327 Zippenhaus Upper Viséan - "Hangende Alaunschiefer" 1.37 0.82 1.37 3.3 4.66 27.46
10/1328 Zippenhaus Upper Viséan - "Hangende Alaunschiefer" 1.17 0.31 1.17 5.5 6.67 45.86
10/1330 Zippenhaus Upper Viséan - "Hangende Alaunschiefer" 1.31 0.37 1.31 0.35 1.65 2.91
10/1331 Zippenhaus Upper Viséan - "Hangende Alaunschiefer" 6.45 0.19 6.45 0.19 6.64 1.59
10/1333 Bochum - Klosterbusch Witten-Formation 1.14 0.3 1.14 0.21 1.35 1.76
10/1339 Bochum - Klosterbusch Witten-Formation 1.02 0.13 1.02 0.13 1.16 1.11
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Table A9: TOC, Sulfur, TIC and carbonate contents of Area 4 
sample sample location stratigraphic age - differentiated TOC% Sulfur% TOC% TIC% TC%
Calcium 
Carbonate%
10/920 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.06 0.1 1.06 0.1 1.16 0.81
10/921 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.23 0.09 1.23 0.1 1.33 0.86
10/923 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.43 0.09 1.43 0.09 1.52 0.74
10/924 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.24 0.09 1.24 0.08 1.31 0.63
10/926 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.6 0.22 1.6 0.14 1.73 1.13
10/927 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.2 0.1 1.2 0.1 1.3 0.8
10/928 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.26 0.12 1.26 0.08 1.34 0.66
10/929 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.36 0.23 1.36 0.12 1.49 1.02
10/930 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.49 0.17 1.49 0.09 1.57 0.71
10/931 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 2.65 0.16 2.65 0.05 2.7 0.42
10/933 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.04 0.14 1.04 0.07 1.11 0.59
10/934 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.1 0.19 1.1 0.1 1.2 0.81
10/935 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.21 0.14 1.21 0.11 1.32 0.9
10/936 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 2.92 0.28 2.92 0.1 3.02 0.86
10/937 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.3 0.1 1.3 0.09 1.39 0.75
10/938 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 2.13 0.11 2.13 0.12 2.25 0.98
10/939 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.14 0.1 1.14 0.08 1.22 0.65
10/940 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 2.72 0.11 2.72 0.09 2.81 0.73
10/941 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 1.69 0.1 1.69 0.06 1.74 0.47
10/942 Arnsberg - Felsenw eg Namurian A: Arnsberg-formation 2.81 0.13 2.81 0.06 2.87 0.52
10/1346 Westenfeld - Unter der Hardt Low er Tournaisan - "Liegende Alaunschiefer" 1.13 1.05 1.13 1.64 2.77 13.64
10/1347 Westenfeld - Unter der Hardt Low er Tournaisan - "Liegende Alaunschiefer" 1.54 0.15 1.54 0.53 2.07 4.38
10/1349 Westenfeld - Unter der Hardt Low er Tournaisan - "Liegende Alaunschiefer" 2.79 1.21 2.79 0.03 2.83 0.29
10/1351 Westenfeld - Unter der Hardt Low er Tournaisan - "Liegende Alaunschiefer" 1.4 2.41 1.4 0.91 2.32 7.6
10/1353 Westenfeld - Unter der Hardt Low er Tournaisan - "Liegende Alaunschiefer" 5.1 2.16 5.1 0.05 5.14 0.39
10/1369 Becke Oese - railw ay station Low er Tournaisan - "Liegende Alaunschiefer" 2 0.12 2 0.28 2.28 2.3
10/1382 betw een Westenfeld and Altenhellefeld Low er Tournaisan - "Liegende Alaunschiefer" 2.04 0.08 2.04 0.29 2.33 2.39
10/1383 N-Visbeck Low er Tournaisan - "Liegende Alaunschiefer" 3.14 0.07 3.14 0.19 3.33 1.59
10/1384 N-Visbeck Low er Tournaisan - "Liegende Alaunschiefer" 2 0.09 2 0.24 2.24 2.01
10/1385 N-Visbeck Low er Tournaisan - "Liegende Alaunschiefer" 3.1 0.09 3.1 0.11 3.21 0.89
10/1381 Wicheln - Fa. Lanw ehr Middle  Viséan - "Actynopterienschiefer" 4 3.38 4 2.03 6.03 16.92
10/944 Becke-Oese - quarry Upper Viséan - "Kulm Plattenkalk" 2.79 3.4 2.79 5.08 7.86 42.29
10/1364 Becke Oese Middle  Viséan - "Actynopterienschiefer" 2.51 4.53 2.51 3.03 5.54 25.23
10/1366 Becke Oese Viséan - "Mittlerer Plattenkalk" 2.99 3.54 2.99 1.55 4.54 12.89
10/1367 Becke Oese Viséan - "Mittlerer Plattenkalk" 8.15 8.74 8.15 0.04 8.19 0.31
10/1368 Becke Oese - railw ay station Viséan - Kieselige Übergangsschichten" 1.78 0.03 1.78 0.07 1.85 0.56
10/945 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 4.56 1.13 4.56 0 4.56 0
10/947 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 4.96 1.78 4.96 0.02 4.98 0.2
10/948 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 3.21 1.46 3.21 0 3.21 0
10/949 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 4.5 1.91 4.5 0 4.5 0.04
10/950 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 4.1 1.94 4.1 1.76 5.86 14.66
10/951 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 1.66 1.05 1.66 0.45 2.11 3.75
10/952 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 2.74 1.9 2.74 0.32 3.06 2.7
10/953 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 3.91 2.63 3.91 0 3.91 0
10/954 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 2.18 2.01 2.18 0.07 2.25 0.56
10/955 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 7.27 2.46 7.27 0.09 7.35 0.75
10/956 Becke-Oese - quarry Upper Viséan - "Hangende Alaunschiefer" 3.51 2.49 3.51 0 3.51 0
10/1344 Drilling Arnsberg-Erlenbach 2 Upper Viséan - "Hangende Alaunschiefer" 1.59 3.54 1.59 0.51 2.1 4.24
10/1345 Drilling Arnsberg-Erlenbach 2 Upper Viséan - "Hangende Alaunschiefer" 1.68 3.39 1.68 0.63 2.31 5.26
10/1392 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 2.75 2.49 2.75 0.08 2.83 0.67
10/1365 Becke Oese Upper Viséan - "Hangende Alaunschiefer" 3.48 1.5 3.48 0.19 3.67 1.58
10/1371 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 2.83 4.69 2.83 0.06 2.88 0.46
10/1372 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 4.38 7.12 4.38 0.02 4.4 0.18
10/1373 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 3.3 2.5 3.3 0.08 3.38 0.64
10/1374 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 3.05 5.34 3.05 0.08 3.13 0.65
10/1375 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 2.2 7.52 2.2 0 2.2 0
10/1376 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 2.61 2.66 2.61 0.04 2.65 0.3
10/1377 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 2.23 1.11 2.23 0.34 2.56 2.82
10/1378 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 1.34 1.71 1.34 0.15 1.48 1.22
10/1379 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 1.94 2.14 1.94 0.07 2.01 0.58
10/1380 Wicheln - Fa. Lanw ehr Upper Viséan - "Hangende Alaunschiefer" 1.63 2.82 1.63 0.1 1.73 0.83
10/1386 Niederbergen Upper Viséan - "Hangende Alaunschiefer" 2.52 0.39 2.52 4.19 6.71 34.92
10/1387 Niederbergen Upper Viséan - "Hangende Alaunschiefer" 1.54 0.33 1.54 2.65 4.19 22.04
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